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Université de Toulouse,

CNRS, INPT, UPS

France

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Toxins

(ISSN 2072-6651) (available at: https://www.mdpi.com/journal/toxins/special issues/biocontrol

natural fungi).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03936-587-6 (Hbk)

ISBN 978-3-03936-588-3 (PDF)

Cover image courtesy of Isaura Caceres, Selma P. Snini and Florence Mathieu.

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Selma Pascale Snini and Florence Mathieu

Biocontrol Agents and Natural Compounds against Mycotoxinogenic Fungi
Reprinted from: Toxins 2020, 12, 353, doi:10.3390/toxins12060353 . . . . . . . . . . . . . . . . . . 1
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Mycotoxins are toxic fungal secondary metabolites that contaminate food and feed. Mycotoxin
contamination occurs as soon as environmental conditions are favorable for fungal growth and
mycotoxin production, in the fields, during storage of raw materials and during industrial processes. To
reduce mycotoxin contamination, several methods could then be adopted at these different stages. These
methods can either reduce fungal growth or directly reduce the mycotoxin amount. For several years,
the use of phytopharmaceutical products was favored to reduce fungal infection and thus mycotoxin
contamination. However, they present numerous disadvantages such as detrimental effects in mammals,
environmental contamination and subsequent strong impact on microbial biodiversity [1]. Moreover,
the recurring application of fungicides could lead to the development of fungal resistance which
would compromise disease control [2]. For several years, to reduce the use of such chemical products,
alternative strategies based on biocontrol agents (BCAs) or natural products have been investigated.

Among mycotoxins, aflatoxin B1 (AFB1), mainly produced by Aspergillus flavus, is the most
potent naturally occurring carcinogen and causes human hepatocarcinoma. Currently, to reduce
AFB1 contamination in the fields, the use of atoxigenic strains is the most commonly used biological
control method. In their study, Savić et al. isolated a native atoxigenic A. flavus strain from maize
grown in Serbia and used it to produce a biocontrol product. The efficiency of the biocontrol product
was evaluated in maize Serbian fields over two years. The results demonstrated that the biocontrol
treatment had a highly significant effect in reducing total aflatoxin contamination by 73% [3]. While
A. flavus is a saprophytic fungus, cereal crops can also be infected by phytopathogens which produce
mycotoxins. Among them, the genus Fusarium is the most prevalent and represents a significant risk.
To date, in Europe, for Fusarium spp, only two BCAs are available. To fill this lack of BCAs against
Fusarium spp, Pellan et al. selected three commercial BCAs with contrasting uses and microorganism
types (Trichoderma asperellum, Streptomyces griseoviridis, Pythium oligandrum) and studied their effect on
Fusarium graminearum and Fusarium verticillioides growth and mycotoxin production. They observed
variable levels of mycotoxin production and growth reduction depending on the BCA or the culture
conditions, suggesting contrasting biocontrol mechanisms [4].

In addition to BCAs, microbial culture supernatants or extracts can also be used to reduce
mycotoxin contamination. Indeed, microorganisms can produce several kinds of metabolites with
biological activities. In this context, Zeidan et al. explored the antifungal potential of a Qatari strain
of Burkholderia cepacia (QBC03). Their results demonstrate that this strain exhibits antifungal activity
against a wide range of fungi belonging to the Aspergillus, Fusarium and Penicillium genera. Moreover,
the addition of the B. cepacia culture supernatant (2.5% to 15.5%) in the culture medium drastically
reduces the fungal growth of Penicillium verrucosum, Aspergillus carbonarius and Fusarium culmorum.
Further studies will be conducted to decipher the precise mechanism of action of the antifungal
compounds secreted by this B. cepacia strain [5]. In the same way, Hanif et al. demonstrated that
fengycin extracted from Bacillus amyloliquefaciens FZB42 inhibits F. graminearum growth and mycotoxin

Toxins 2020, 12, 353; doi:10.3390/toxins12060353 www.mdpi.com/journal/toxins1



Toxins 2020, 12, 353

production [6]. Similar to microbial metabolites, natural compounds can also affect fungal growth and
mycotoxin production. They are extracted from plants and they can be used as aqueous extracts, organic
extracts or essential oils. Wang et al. demonstrated that citral essential oil completely suppressed
the mycelial growth of Alternaria alternata at the concentration of 222.5 μg/mL, which is the minimal
inhibitory concentration (MIC). Moreover, the 1/2 MIC of this essential oil inhibits more than 97% of the
mycotoxin amount. A comparative transcriptomic analysis of A. alternata treated or untreated revealed
that citral affects transcription of genes involved in alternariol biosynthesis [7]. In the same way, Degola
et al. investigated the biological activity of Citrullus colocynthis stem, leaf and root extracts on A. flavus.
Among the tested tissues, leaf and root extracts showed the highest levels of AFB1 reduction (up to
80% reduction) [8].

BCAs can also be applied during industrial processes to limit fungal growth and mycotoxin
contamination. As an example, in the brewing process, Geotricum candidum, a filamentous yeast is
used to reduce Fusarium spp. growth and the T-2 toxin concentration. Kawtharani et al. demonstrated
that G. candidum produces phenyllactic acid at the early stages of growth, which is responsible for the
reduction of the T-2 toxin concentration through the reduction in Fusarium spp. growth [9].

The last scientific article included in this Special Issue is on the fringe of the other articles and
deals with the use of fullerol nanoparticles (FNP) to modulate the secondary metabolite profile of the
most relevant foodborne mycotoxigenic fungi belonging to the genera Aspergillus, Fusarium, Alternaria
and Penicillium. This is a preliminary study to present the proof of concept for the use of FNP against
mycotoxin contamination. Thus, Kovac et al. demonstrated that exposure to FNP leads to the reduction
in concentrations of 35 secondary metabolites depending on the concentration of the applied FNP and
the fungal genus [10].
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Abstract: Aspergillus flavus is the main producer of aflatoxin B1, one of the most toxic contaminants
of food and feed. With global warming, climate conditions have become favourable for aflatoxin
contamination of agricultural products in several European countries, including Serbia. The infection
of maize with A. flavus, and aflatoxin synthesis can be controlled and reduced by application of a
biocontrol product based on non-toxigenic strains of A. flavus. Biological control relies on competition
between atoxigenic and toxigenic strains. This is the most commonly used biological control
mechanism of aflatoxin contamination in maize in countries where aflatoxins pose a significant threat.
Mytoolbox Af01, a native atoxigenic A. flavus strain, was obtained from maize grown in Serbia and
used to produce a biocontrol product that was applied in irrigated and non-irrigated Serbian fields
during 2016 and 2017. The application of this biocontrol product reduced aflatoxin levels in maize
kernels (51–83%). The biocontrol treatment had a highly significant effect of reducing total aflatoxin
contamination by 73%. This study showed that aflatoxin contamination control in Serbian maize can
be achieved through biological control methods using atoxigenic A. flavus strains.

Keywords: aflatoxin; Aspergillus flavus; biological control; atoxigenic strain; maize; Serbia

Key Contribution: Recently, changing climate conditions have become favourable for aflatoxin
contamination of maize in Serbia and other European countries. Therefore, it is necessary to improve
the available methods for managing aflatoxin contamination. This article describes research involving
biological control of aflatoxin in Serbian maize using native atoxigenic isolates. Selected native
atoxigenic isolate efficiently reduced aflatoxin contamination in maize.

1. Introduction

Aflatoxins are the most common contaminants of important agricultural commodities including
maize, cottonseed, peanuts, and pistachio nuts. Aspergillus flavus and related species produce aflatoxins,
which are secondary metabolites that can adversely affect human health and food security in warm
agricultural areas [1,2]. Aflatoxins are potent, naturally-occurring carcinogens that can suppress the

Toxins 2020, 12, 162; doi:10.3390/toxins12030162 www.mdpi.com/journal/toxins5
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immune system and induce hepatocellular carcinoma, which can cause mortality in humans and
livestock [3,4]. Aflatoxin B1 (AFB1), which is classified as a Group 1a carcinogen by the International
Agency for Research on Cancer [5], is the most common and toxic of the four major aflatoxins B1, B2,
G1, and G2. Aflatoxin concentration in food and feed is strictly regulated by international organisations
due to the significant impacts on human health [6]. Products contaminated by aflatoxins have limited
value and access to markets, resulting in significant economic losses [3].

Environmental and biological factors, such as increased temperatures, droughts, pest damages,
host susceptibility to infection, and the aflatoxin-producing potential of fungi, have combined to
raise aflatoxin contamination levels above regulated limits [7,8]. Aflatoxin contamination can occur
after crop maturity when the crops are exposed to high temperature and humidity levels, which are
conducive to fungal infection and may result in an increase of aflatoxin accumulation [9]. Therefore,
aflatoxin contamination can start and continue after cropping, but also during storage, transport,
processing, and handling [10].

In Serbia during the summer of 2012 the appearance of A. flavus in maize was a result of
extremely stressful environmental conditions that included high air temperatures and little precipitation,
and was reported as an emerging food and feed safety threat. Natural occurrences of aflatoxins are
uncommon under Serbia’s typical climatic conditions; however, because mycotoxin occurrence is
climate-dependent [11], recent climate changes have become significant causal agents of food and
feeds safety issues in Serbia [12,13].

Aflatoxins have received considerable research due to global consumer concerns related to the
presence of aflatoxins in the food supply. Understanding the biology, epidemiology, and occurrence of
aflatoxin-producing fungi and the development of advanced technologies for reducing these fungi
are urgently needed. Biological control methods based on the competitive exclusion of toxigenic
strains by atoxigenic strains have been developed as an innovative strategy for reducing aflatoxin
accumulation. Atoxigenic strains displace aflatoxin producers by competing with other toxigenic and
atoxigenic strains for infection sites and essential nutrients during crop development. This competition
has resulted in significant reductions in aflatoxin contamination in harvested grains [14–17].

Researching the genetic diversity within aflatoxin-producing fungi population in Serbia is highly
important for determining the etiology of aflatoxin contamination and for optimising the selection of
native atoxigenic A. flavus genotypes that can be used for aflatoxin biological control products targeted
to local agroecosystems. The diverse environmental conditions and soil microbiomes that are found
in different locations will favour the use of native A. flavus strains for local agroecosystems. Thus,
native A. flavus strains are expected to provide better results than introduced exotic genotypes [18].
This paper highlights recent research in Serbia that was designed to improve the management of
aflatoxin contamination of maize using native atoxigenic isolates. Isolates of selected native atoxigenic
genotypes were applied to maize crops prior to flowering as a biological control method with the goal
of reducing aflatoxin contamination.

2. Results

2.1. Monitoring Deletions in the Aflatoxin Biosynthesis Isolate Mytoolbox Af01 Gene Cluster

Twenty fungal isolates determined to be A. flavus were subjected to Cluster Amplification
Patterns (CAP) analysis for screening of missing regions in the aflatoxin biosynthesis gene cluster [19].
Four multiplex PCRs were designed to amplify 32 markers spaced at 5 kb intervals. The results of the
CAP multiplex analysis revealed two atoxigenic strains, Mytoolbox Af01 (from Pivnice, Serbia) and
T7/I11, whereas the other isolates were toxigenic (Figure 1). Only one isolate (Mytoolbox Af01) was
chosen for biocontrol agent preparation because the two detected atoxigenic strains originated from a
narrow geographical region and were genetically identical. The amplification products of the first two
multiplex reactions are shown on the gel images, aligned to a schematic diagram of chromosome 3
containing the aflatoxin biosynthesis gene cluster. The CAP analyses showed that the missing cluster
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in the Mytoolbox Af01 strain and the second atoxigenic strain were over 40 kb. The deletion spans
markers AC04 to AC11, which corresponds to the region between genes aflT and verA/aflN (Figure 2).

Figure 1. Images of multiplex PCR products aligned to a schematic diagram from Callicot and Cotty [19]
of chromosome 3 containing the aflatoxin cluster.

Figure 2. Comparative view of the missing 40 kb region in atoxigenic strain (Mytoolbox Af01), toxigenic
A. flavus strains (AF70, AF13, NPRL3357), atoxigenic A. flavus strain (AF36), and atoxigenic A. oryzae
strain (RIB40).

2.2. Quality Control of Atoxigenic Product

Visual evaluations of sporulation observed abundant sporulation on all tested seeds.

2.3. Intensity of A. flavus Infection in Maize

Aspergillus ear rot infections in the fields were low each year. Statistical analyses showed that
there were no significant differences among treatments (at a 95% confidence level).

2.4. AFB1 Content

Significant differences in AFB1 content were found between treated and control plots in 2016 and
2017. All 2016 samples from the control plots with and without irrigation contained aflatoxin. A highly
significant effect of biocontrol treatment was observed during 2016 and 2017, with an overall reduction
of 73%. The reductions achieved in 2016 and 2017 were 83% and 51%, respectively.

In Sombor, the total mycotoxin contamination had mean AFB1 contents of 7.19 ppb and 3.80 ppb in
2016 and 2017, respectively, with no significant differences being found. Similarly, correlation analyses
of AFB1 content in 2016 and 2017 were not significant.

We assumed irrigation would help plants avoid infection with the toxigenic A. flavus, which
should have resulted in lower contamination levels. However, this assumption was incorrect because
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mean AFB1 content was higher, but not significantly different, in the Sombor treated irrigated plots
in 2016 and 2017. However, the AFB1 contents in the unirrigated control plots were slightly, but not
significantly, higher. The AFB1 data were logarithmically transformation and analysed using a mixed
ANOVA, with 2016 and 2017 considered as repeated measurements. This method enabled analysis of
biocontrol and irrigation as main effects.

Table 1 presents t-test results for equality of means and shows that application of the biocontrol
agent significantly affected AFB1 levels. Irrigation had no significant effects.

Table 1. T-test for equality of means of different AFB1 contamination levels.

Effect N Mean Standard Deviation

t-Test for Equality of Means

t df
Significance

Probability (2-Tailed)

Biocontrol

Treated 32 2.31 6.713 −3.858 62 0.000Untreated 32 8.68 6.483
Irrigation

Irrigated 32 5.75 8.215
0.279 62 0.782Unirrigated 32 5.24 6.355

Results of the multivariate analyses are shown in Figures 3 and 4. The tests showed that changes
in mycotoxin AFB1 contamination with time only had significant interactions with the biocontrol
treatment (p = 0.04, Wilks’ Lambda = 0.746, df = 1, F = 9.554, ηp

2 = 0.254). Contamination levels were
also significantly affected by year (p = 0.013, Wilks’ Lambda = 0.799, df = 1, F = 7.031, ηp

2 = 0.201).
The interactions of year and irrigation (p = 0.679, Wilks’ Lambda = 0.994, df = 1, F = 0.175, ηp

2 =0.006),
plus year, biocontrol, and irrigation, were not significantly affected by contamination (p = 0.779, Wilks’
Lambda = 0.997, df = 1, F = 0.80, ηp

2 = 0.003). Figure 3 shows AFB1 contamination levels in the control
plots being heavily depended on the weather conditions during 2016 and 2017, whereas contamination
levels in the treated plots remained low and stable in both years.

Figure 3. Multivariate test showing the influence of biocontrol on AFB1 contamination levels in 2016
and 2017.
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Figure 4. Multivariate test showing the influence of irrigation on AFB1 contamination levels in 2016
and 2017.

A between-subject ANOVA (Table 2) for both years showed significant effects in biocontrol
application, whereas effects were not significant for irrigation, or biocontrol combined with irrigation.

Table 2. Between-subject ANOVA test of the influence of different factors on AFB1 contamination levels.

Effect
Type III Sum of

Squares
df

Mean
Square

F
Significance
Probability

Partial Eta
Squared

Intercept 75.913 1 75.913 98.064 0.000 0.778
Biocontrol 28.057 1 28.057 36.244 0.000 0.564
Irrigation 0.020 1 0.020 0.026 0.873 0.001

Biocontrol*Irrigation 0.342 1 0.342 0.442 0.512 0.016
Error 21.675 28 0.774

2.5. Climate Conditions

In Sombor during 2016 (Figure 5), precipitation levels in the months during the vegetation period,
except for April, were above the multiannual monthly average. Average daily air temperatures were
above the long-term average during June and July.

Figure 5. Deviation of total precipitation (columns) and average daily air temperature (lines) from the
multiannual average (1981–2010) in Sombor during 2016.
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Total rainfall during 2017 in Sombor (Figure 6) was lower than the multiannual average in April,
June, and August; however, July rainfall was higher than the average. Average daily air temperatures
was the long-term average from May till August.

Figure 6. Deviation of total precipitation (columns) and average daily air temperature (lines) from the
multiannual average (1981–2010) in Sombor during 2017.

3. Discussion

Mytoolbox Af01 is the first native atoxigenic A. flavus strain used as a biocontrol agent to mitigate
aflatoxin contamination in Serbian maize fields. The atoxigenic potential of this strain was confirmed
by the CAP analyses, which revealed the deletion of 40 kb from the aflatoxin biosynthesis gene cluster.
Different types of large deletions in the aflatoxin biosynthesis gene cluster occur often [19–22], but
degeneration of this gene cluster can also be caused by multiple smaller deletions or SNP mutations [23].

The biological control product based on the Mytoolbox Af01 strain was applied in one Serbian
location during two consecutive years to assess its aflatoxin reduction potential. Aspergillus ear rot
was examined every year, but the natural infection rates were low and no significant differences were
observed among treatments. AFB1 content in collected samples was determined using a DAS (double
antibody sandwich) ELISA test, which was found to be precise in terms of reproducibility. AFB1 was
detected in samples from 2016 and 2017, even though there were no visible symptoms of Aspergillus ear
rot on maize cobs during harvest. Sometimes, seemingly healthy maize grains can contain small levels
of AFB1 [24,25]. These results point to the differences between symptomatic and asymptomatic plants
and indicates that AFB1 content needs to be investigated further in environmental conditions specific
to Serbian maize growing areas. Aflatoxin contamination levels were significantly affected by the
application of the bioproduct. Application of the biocontrol product led to an overall mean reduction
of 73% in AFB1 levels (83% in 2016 and 51% in 2017). The reduction of aflatoxin contamination from
similar biocontrol products has been reported previously. In the USA, Dorner et al. [26] successfully
applied an A. flavus atoxigenic strain that reduced aflatoxin contamination up to 87%. Moreover, four
native atoxigenic strains applied in Nigeria reduced aflatoxin content 67–95% in treated crops [27].
Abbas et al. [28] reported 65–94% reductions of aflatoxin in maize ears inoculated with atoxigenic and
toxigenic isolates.

Irrigation in the current experiment did not influence aflatoxin contamination in either year,
in contrast to other studies that found irrigation reducing aflatoxin contamination [29–32]. These
contradicting results could have been caused by different methodologies being used, timing and
amount of irrigation, plant genotype, weather conditions, soil type, deficiency of easily accessible
water in the soil, or other factors. In the control plots, AFB1 contamination levels were dependent on
climate conditions during the different years, whereas contamination levels in the treated plots low
and stable in both years.
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4. Conclusions

Mytoolbox Af01 is the first native atoxigenic strain used as a biological preparation to produce
significant reductions in aflatoxin levels in a Serbian field. The results indicate that the biocontrol
product has a high potential for reducing aflatoxin contamination in local environmental conditions.

5. Materials and Methods

5.1. Selection of Aspergillus flavus Strains

A selection of A. flavus isolates (from maize in Serbia) that were characterised based on colony
and spore morphology were selected for this study. Isolates were grown on 5–2 medium [33], made of
V-8TM juice (vegetable juice from eight vegetables) containing 2% NaCl and grown for 8–10 days at
31 ◦C. PCR analyses using species-specific primer Aflafor and universal reverse primer Bt2b [34] were
performed to confirm identification. Reactions consisted of: 2 μL of DreamTaq Buffer, 4 μL of dNTP
mix, 2 μL of each primer, 5 μL of DNA-free water, 0.2 μL of DreamTaq DNA polymerase and 1 μL DNA
template. The samples were subjected to 3 min at 94 ◦C; 35 cycles of 30 s 94 ◦C, 30 s 64 ◦C, 20 s 72 ◦C;
followed by 2 min at 72 ◦C. The products were visualised on 1% agarose gel in 0.5 x TAE buffer.

5.2. Monitoring Deletions in the Aflatoxin Biosynthesis Isolate Mytoolbox Af01 Gene Cluster

Cluster Amplification Patterns (CAP) analyses were performed for screening missing regions in the
aflatoxin biosynthesis gene cluster, according to the method by Callicot and Cotty [19]. Four multiplex
PCRs were designed to amplify 32 markers. Each 10μl pre-amplification reaction contained: 0.08μmol−1

of each primer, 1 × AccuStart II PCR SuperMix (Quanta Biosciences, Gaithersburg, MD, USA) and 6 ng
genomic DNA. PCR reactions were carried out with the following thermal profile: 94 ◦C for 1 min,
followed by 30 cycles of 94 ◦C for 30 s, 62 ◦C for 90 s, 72 ◦C for 90 s and the final extension step of 72 ◦C
for 10 min. Products were visualised on 1.4% agarose in 1× sodium boric acid buffer [35].

5.3. Biocontrol Product Preparation

A biocontrol product with atoxigenic A. flavus strain was produced according to the modified
method described by Garber et al. [36]. Baked sorghum seeds were used as the inoculum carrier. Prior
to inoculation, atoxigenic A. flavus strain was cultivated on 5–2 media and incubated at 31 ◦C for
five days. Spore production was performed on sorghum seeds with moisture levels adjusted to 20%
using spores from five-day-old cultures in a suspension that was added to autoclaved and cooled
sorghum seeds. Flasks were sealed with sterile Tyvek membrane to control humidity levels but allow
gas exchange, and incubated for seven days at 35 ◦C. The spore suspension for biocontrol production
was prepared by harvesting spores with 100 mL of sterile 0.5% Tween-80 solution, and a concentration
of conidia adjusted to 1–5 × 108 per ml using a haemocytometer. The final suspension was mixed with
the sorghum seeds, a seed polymer, and a dye. The moisture content of the final product was adjusted
to 10%. The dye was used to indicate the sorghum seeds treated with the atoxigenic A. flavus.

5.4. Quality Control of the Atoxigenic Biocontrol Product Following Cotty (pers. comm.)

Prior to application, the quality of the biocontrol product was measured by development and
sporulation of Mytoolbox Af01 on sorghum seeds. Individual sorghum seeds of the final biocontrol
product were placed in a multi-well plate that had sterile water poured in the outer wells to increase
humidity and promote sporulation. Plates were incubated in a closed plastic container at 31 ◦C for
7 days. Sporulation was visually recorded [37].

5.5. Sowing Maize and Application of the Atoxigenic Isolate

The biocontrol product based on atoxigenic A. flavus was applied to one maize hybrid (Kerbanis
FAO class 500). This hybrid belongs to the FAO group of maize that farmers sow on large areas in
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Serbia. The maize seeds were planted over two years in one location in Sombor (Serbia). Sowing was
completed on 24th April and 11th April in 2016 and 2017, respectively.

When the plants within the inoculated plots had developed 10 leaves, the atoxigenic isolate
was manually applied at 10 kg/ha to the soil surface next to each plant. In both years the biocontrol
product was applied in the fields with and without irrigation. Irrigation was sufficient to keep the
soil at an optimal moisture level for normal plant growth before and after bioproduct application.
A drip irrigation system was used between plant rows. The total water volume applied during the
vegetation period was 95 l/m2 in 2016 and 140 l/m2 in 2017. Each of the four combinations irrigated
with bioproduct application, irrigated control (without bioproduct application), unirrigated with
bioproduct application, and unirrigated control (without bioproduct application) were repeated eight
times on individual plots that were over 50 m2.

5.6. Evaluation of Intensity of A. flavus Infection in Maize

The intensity of A. flavus infection on maize cobs was visually evaluated 7–10 days before harvest
each year. Disease intensity was evaluated by rating 100 randomly chosen ears within each plot
(32 individual plots) using a scale from 1 to 7 [38]. Each ear was evaluated based on the percentage
of infected kernels: 1) ear without symptoms, 2) 1–3% infected kernels, 3) 4–10% infected kernels,
4) 11–25% infected kernels, 5) 26–50% infected kernels, 6) 51–75% of infected kernels, 7) 76–100%
infected kernels.

5.7. Harvest and Samples Preparation

The maize were harvested each year in September. After the harvest, 2 kg samples were taken
from 32 individual plots. About 100 g of laboratory samples were prepared by grinding in a laboratory
mill with pore diameter of 0.8 mm until >93% of the sample passed through the sieve. The sample
was next homogenised by mixing and packed into plastic bags. Samples were stored in a freezer at
−20 ◦C until analysis. Prior to each analysis, the samples were allowed to reach room temperature.
Afterwards, the AFB1 content was determined by the ELISA test.

5.8. ELISA Test

Exactly 20 g of each ground sample was weighed in a 150 mL beaker. Aflatoxin B1 was extracted
with 100 mL of 70% methanol solution on an Ultra Turrax T18 homogeniser (IKA, Staufen, Germany)
for 3 min at 11,000 rpm. The crude extract was filtered through a quantitative slow filtration filter
paper (Filtros Anoia, Barcelona, Spain).

The immunochemical analysis was performed using the AgraQuant®Aflatoxin B1, Quantitative
Test Kit (Romer Labs, Tulln, Austria) with four calibration standard solutions (0, 2, 5, 20, and 50 ppb).
The analytical procedure was carried out according to the manufacturer’s instructions. Aflatoxin
quantification was done on an ELISA reader equipped with a 450 nm filter (BioTec Instruments,
USA). To ensure the quality of the results, the aflatoxin was validated in the laboratory. Validation
parameters were evaluated according to the European Commission [39]. The limit of quantification
(LOQ) of 2 μg/kg that was established by the manufacturer, was experimentally verified by analysing
blank samples of corn that were treated with 2 μg/kg of an aflatoxin B1 standard solution (Sigma
Aldrich, St. Louis, MO, USA). Samples containing less than 2 μg/kg aflatoxin were considered negative.
The average trueness of this method was calculated by analysing eight successive corn samples from a
certified reference material (CRM) coded TR-A100 (Trilogy lab, Washington, MO, USA). The average
trueness of 105.4% was within acceptable limits according to the European Regulation [39]. In-house
reproducibility was assessed after eight successive CRM tests, on two different occasions, resulting in
16 tests. The obtained HORRATR value of 0.20 was within the acceptable criteria for reproducibility
established by the European Regulation [39].
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5.9. Statistical Analyses

Statistical analyses of the scoring data from the field maize infection and AFB1 content were
performed in Statistica v. 13 (TIBCO Software Inc., Silicon Valley, CA, USA, 2017). Because the maize
infection data were non-parametric, Kruskal–Wallis tests were used to determine if the mean ranks of
the infection levels were the same in all treatments. Furthermore, multiple comparisons of mean ranks
were used as post hoc tests to determine the treatments that were significantly different from each
other. The aflatoxin content data were logarithm transformation and used in an analysis of variance to
determine differences between treatments, and a multivariate test to assess between-subject effects.

5.10. Climate Conditions

Aflatoxin contamination in maize is correlated with plant, drought, and heat stress [40]. Therefore
temperature and precipitation were monitored during the vegetation growth period at the locality
every year. Data were obtained from a Metos®automatic weather station (Metos®, Pessl Instruments,
Weiz, Austria) and compared to multiannual averages for 1981–2010 [41].
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Abstract: The aim of this study was to investigate the impact of commercialized biological control
agents (BCAs) against two major mycotoxigenic fungi in cereals, Fusarium graminearum and Fusarium
verticillioides, which are trichothecene and fumonisin producers, respectively. With these objectives in
mind, three commercial BCAs were selected with contrasting uses and microorganism types (T. asperellum,
S. griseoviridis, P. oligandrum) and a culture medium was identified to develop an optimized dual culture
bioassay method. Their comportment was examined in dual culture bioassay in vitro with both fusaria to
determine growth and mycotoxin production kinetics. Antagonist activity and variable levels or patterns
of mycotoxinogenesis inhibition were observed depending on the microorganism type of BCA or on the
culture conditions (e.g., different nutritional sources), suggesting that contrasting biocontrol mechanisms
are involved. S. griseoviridis leads to a growth inhibition zone where the pathogen mycelium structure is
altered, suggesting the diffusion of antimicrobial compounds. In contrast, T. asperellum and P. oligandrum
are able to grow faster than the pathogen. T. asperellum showed the capacity to degrade pathogenic
mycelia, involving chitinolytic activities. In dual culture bioassay with F. graminearum, this BCA reduced
the growth and mycotoxin concentration by 48% and 72%, respectively, and by 78% and 72% in dual
culture bioassay against F. verticillioides. P. oligandrum progressed over the pathogen colony, suggesting
a close type of interaction such as mycoparasitism, as confirmed by microscopic observation. In dual
culture bioassay with F. graminearum, P. oligandrum reduced the growth and mycotoxin concentration
by 79% and 93%, respectively. In the dual culture bioassay with F. verticillioides, P. oligandrum reduced
the growth and mycotoxin concentration by 49% and 56%, respectively. In vitro dual culture bioassay
with different culture media as well as the nutritional phenotyping of different microorganisms made it
possible to explore the path of nutritional competition in order to explain part of the observed inhibition
by BCAs.

Keywords: antagonistic agents; in vitro dual culture bioassay; mycotoxins; nutritional competition

Key Contribution: Complementary and integrative approaches to characterize the impact of three
distinct commercial biocontrol agents on the pathogenic capacities of two mycotoxingenic fungi,
including the monitoring of growth, spore production, mycotoxin production or nutritional profile.
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1. Introduction

Many plant pathogens endanger agriculture, particularly in cereal production. Some of these
phytopathogens can produce mycotoxins and have multi-destructive effects through reducing the
yield and nutritional properties of grain, and can also affect its health-related characteristics. Among
mycotoxigenic fungi, the genus Fusarium is the most prevalent and represents a significant risk [1].

Mycotoxins are small toxic molecules resulting from the secondary metabolism of these fungi.
Fusarium graminearum is able to produce deoxynivalenol (DON) and its derivatives 15 and 3-ADON.
Fusarium verticillioides mainly produces fumonisins B1 and fumonisins B2 (FB1 and FB2). They are
ubiquitous in agricultural production, and cereal crops are the primary source of consumer exposure to
mycotoxins [2]. Mycotoxins are quite stable molecules which are very difficult to remove or degrade,
and are found along the food chain while retaining their toxic properties. They can cause acute
and chronic intoxication in both humans and animals depending on different factors (intake levels,
duration of exposure, toxin type, mechanisms of action, metabolism, and defense mechanisms) [3].
The symptoms can be very variable depending on organisms considered, but can range from food
poisoning or gastric-intestinal problems to suppression of the immune system, the induction of cancer,
or death [4,5]. Sometimes the combination within trichothecenes/fumonisins or with other mycotoxins
such as ochratoxins or aflatoxins can produce a synergistic toxic effect [6,7]. Given their high toxicity,
DON and fumonisins have been regulated by the European Union and the maximum recommended
levels of mycotoxins are 750 μg kg−1 and 1000 μg kg−1, respectively, for processed cereal intended for
human consumption (Commission Regulation (EC) No 401/2006). Economically, these contaminants
hamper international trade and significantly affect the world economy. Because their appearance can
occur before or after harvesting, one of best ways to reduce the presence of mycotoxins in food and
feed is to prevent their formation in the crop [8].

Agricultural production is subject to a scissor effect with, on one hand, very evolutive climatic
conditions that promote microbial development and, on the other hand, the political determination
to reduce the use of phyto-chemical products. The adverse effects of plant protection products on
environment and on human and animal health have encouraged the European Union to promote the
search for alternative and environmentally friendly solutions such as integrated pest protection and the
use of biological control agents (BCAs) [9]. Non-pathogenic, they can prevent or reduce the progression
of these fungi through different mechanisms. These mechanisms are very diverse, direct or indirect,
and can be used together or alone depending on the biocontrol agent. The main direct mechanisms may
be related to antibiosis, competition, parasitism, or toxin biotransformation [10]. Antibiosis includes
the production of secondary metabolites like antibiotics, cell wall-degrading enzymes, and molecules
that can suppress growth or kill pathogens [11–13]. Competition can occur when two or more fungi
are present simultaneously. Microorganisms can then enter into nutritional competition when they
need the same essential nutrient, or into spatial competition when they occupy the same limited
space [14,15]. Parasitism is a direct attack of pathogen by the BCA that will degrade or consume
the pathogen host until it dies [16]. Some mechanisms can be indirect. Colonization of the plant by
beneficial microorganisms can trigger local or systemic defensive responses, enhancing resistance
against phytopathogens [17,18].

Although the production of mycotoxins by toxigenic pathogens is of economic importance, many
studies do not take this into account when studying biological control strategies. These studies are
then limited to the fungicidal or fungistatic effects of BCAs, while the effect of BCAs on mycotoxin
production is often neglected [19]. Moreover, most studies on the biocontrol of other plant pathogens
do not consider the potential presence of several mycotoxins simultaneously in the crop, nor the side
effects of BCAs on the mycotoxigenic agents present. Despite more than 70 years of intensive research
and some promising results, only a few BCAs are currently available on the market, and for Fusarium
spp. for instance in Europe, only Pseudomonas chlororaphis and Pythium oligandrum are available, as
the commercial products Cerall® (Belchim Crop Protection) and Polyversum® (Biopreparáty/De
Sangosse), respectively.
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The lack of commercially available BCAs for mycotoxigenic fusaria may be due to numerous
factors (unstable biocontrol efficacy under field conditions, strict storage and transport conditions
for BCAs, complexity of registration) and more importantly a lack of knowledge about biocontrol
mechanisms [20], especially concerning mycotoxins.

Indeed, a better understanding of the mechanisms that allow the biocontrol of pathogens, especially
on marketed agents that have passed all the stages of formulation and registration, will make it possible
to identify particularly effective mechanisms or biomarkers of mechanisms. This information could be
used to optimize the use of existing BCAs but also to refine the selection of new BCAs.

The ultimate goal of the present study was to characterize the impact of commercial biocontrol
agent on life traits of mycotoxigenic fungi (growth and mycotoxinogenesis). Therefore, the objectives
were (1) to develop optimal methods of dual culture bioassay, allowing the analysis of the interaction
between pathogens and BCAs; (2) to identify effect of BCAs on growth and mycotoxins of Fusarium
graminearum and Fusarium verticillioides; and (3) to propose a hypothesis on the modes of action of
BCAs against mycotoxigenic pathogens. With these objectives in mind, three commercial BCAs were
selected with contrasting uses and microorganism types (T. asperellum, S. griseoviridis, P. oligandrum)
and studied with in vitro dual culture bioassay against F. graminearum and F. verticillioides with an
optimized method promoting mycotoxin production. Variable levels of mycotoxinogenesis and growth
reduction were observed depending on the microorganism type of BCAs or on the culture conditions
(e.g., different nutritional sources), suggesting contrasting biocontrol mechanisms. Macroscopic and
microscopic observation of interactions support this hypothesis, finding various structural formations
of BCA. Nutritional phenotyping was used to detect the possibility of nutritional competition between
microorganisms, and to identify the trophic requirements of BCAs.

2. Results

To permit the interaction between BCAs and pathogens during dual culture bioassay, the first
step was to select appropriate media to allow the development of each microorganism’s pairing
(BCA/pathogen). BCA/pathogen selection criteria and descriptions are presented in Section 5, Material
and Methods. Then, to characterize this interaction on selected media, integrative approaches were
used. Microscopic and macroscopic observations were undertaken to identify specific comportment
of BCAs and their effects on Fusarium physiology. The BCA treatment’s impact on growth, global
mycotoxins, and specific mycotoxin production kinetics of pathogens was analysed. Finally, the impact
of differential nutritional resources during dual culture bioassay was analysed and linked with the
nutrient profiling of all microorganisms.

2.1. Comportments of Microorganisms and Culture Media Selection

After 8 days of incubation, all microorganisms were able to grow on all different media, with
the exception of Polyversum® (Poly), which was unable to grow on Czapeck agar (CZA) synthetic
medium (Figure 1). Mycostop® (Myco), which has the most limited growth (area under the growth
curve, AUGC < 1.85 × 102), was an excellent spore producer (spores > 3.85 × 103), especially on
International Streptomyces Project Medium 2 (ISP2). Xedavir® (Xeda) was minimally affected by the
culture medium variation. Polyversum® (Poly), the oomycete BCA, was characterized solely on growth
capacity because oospore obtention was a long and complex process which is difficult to achieve, and to
obtain oospores under these specific in vitro conditions. F. graminearum produced a low quantity of
spores affected by medium variation. For both pathogens, global mycotoxin production was a very
discriminant variable for medium selection. The culture media on which pathogens F. graminearum
and F. verticillioides produced the most mycotoxins were respectively CZA and PDA.
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Figure 1. Comportment of all micro-organisms (commercialized biological control agents (BCAs) and
pathogens) on different media. Stars indicate the final selected medium for each microorganism. Myco:
Mycostop®, Xeda: Xedavir®, Poly: Polyversum®. AUGC: area under the growth curve, PDA: potato
dextrose agar, CZA: Czapeck agar, CYA: Czapeck yeast agar, CMA: corn meal agar, OMA: oat meal
agar, MYA: malt yeast agar, ISP2: International Streptomyces Project Medium 2 (8 days at 25 ◦C). Levels
of global mycotoxins are given as a sum of the mycotoxins from a pathogen chemotype (Fusarium
graminearum: deoxynivalenol (DON) + 15ADON and Fusarium verticillioides: fumonisins B1 (FB1) +
fumonisins B2 (FB2)).

In order to promote pathogen development and mycotoxin production during interaction,
the selection of dual culture bioassay media was firstly based on the mycotoxin production capacity of
pathogen (Table 1). Then, the ability of BCAs for growth on this medium was checked. To observe
the differential capacity of BCAs to impact mycotoxigenic fungi, one common medium (CM) for
each pathogen was selected: for F. graminearum–BCA dual culture bioassay CYA was chosen, and
for F. verticillioides–BCA dual culture bioassay PDA was selected. Other interesting media which did
not allow all BCAs to grow were assigned to a specific dual culture bioassay duo (SM), and were
selected for their ability to promote mycotoxinogenesis. These selected culture media were used to
test antagonist activity and allowed identification of the impact of BCAs on pathogenic growth and
mycotoxin production. The use of different culture media enabled the characterization of the impact of
nutrient resources on the dual culture bioassay of microorganisms.

Table 1. Selected media for dual culture bioassay. CM: common medium for all BCAs confrontation of
concerned pathogen; SM: Specific media for each BCA-pathogen confrontation of concerned pathogen.
Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.

Selected Media for Dual Culture Bioassay (Pathogen–BCA)

Pathogens F. Graminearum F. Verticillioides

BCA CM SM CM SM

Myco CYA CZA PDA CYA
Xeda CYA CZA PDA MYA
Poly CYA OMA PDA OMA
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2.2. Macroscopic and Microscopic Interaction

During the dual culture bioassay test, the macroscopic observation of plates (7 days after inoculation)
revealed differential comportments between microorganisms (Figure 2). For both pathogens, mycelial
development was limited by the presence of all BCAs compared to the control. Myco formed a very small
colony related to pathogens, but an inhibition zone of pathogen growth was observed (especially in dual
culture bioassay with F. verticillioides). With respect to pathogens, accumulation of pigment was observed
in the dual culture bioassay zone (on the reverse side of Petri dish, not shown). The Xeda colony grew as
fast as the pathogen and filled the free space in the Petri dish. Once again, accumulation of pathogenic
pigment in the confrontation zone could be observed on the reverse side of Petri dishes. The Xeda colony
could exude fine black droplets on its surface solely during confrontation. Poly was able to grow faster
than the pathogen (especially faster than F. graminearum) and fill the free space in Petri dish. During
co-culture, it was able to progress on both the pathogenic colony and inhibit the homogenous and natural
pink pigmentation of F. graminearum completely.

At the microscopic scale, F. graminearum alone produced rapidly long, dense, and straight
hyphae, while F. verticillioides alone produced fine and extra fine lightly branched hyphae (Figure 2).
With microscopic interactions between BCAs and pathogens photographed over time, many characteristic
structures could be observed. Myco was able to cause anarchic ramifications of F. graminearum mycelia
before contact (+72 h) and vesicle formation at the tip of pathogen hyphae when they were close (+96 h).
Growth inhibition by Myco was clearly identified at the microscopic level in co-culture with F. verticillioides,
with an early antigerminative action (+72 h) and a linear/regular growth inhibition after 96 h. Xeda
induced deformation of F. graminearum mycelia, which could extend to the formation of loops after 96 h.
The progression of this BCA face-to-face with F. verticillioides created a mechanical barrier that slowed the
progression of the mycotoxigenic fungus. In the dual culture bioassays of both pathogens, Xeda caused a
degradation of pathogenic mycelia in contact zones (+96 h). The co-culture F. graminearum–Polyversum
showed dispersed contact structures. The BCA was able to pass through the mycelium of the pathogen,
and induced formation of lysed wall hyphae. It adopted a completely different comportment in the
dual culture bioassay against F. verticillioides and induced the transient formation of micro-vesicles at the
extremity of pathogenic hyphae (between 24 and 72 h of dual culture bioassay). When it was close to the
pathogen (+96 h), it deployed long mycelial filaments to colonize the environment.

2.3. BCA Impact on Growth and Mycotoxin Production

During the antagonistic in vitro test, the growth and the mycotoxin production of both pathogens
in confrontation against the three BCAs were monitored over 12 days. Classic batch curves were
obtained for pathogen growth and major mycotoxin production (latent phase, exponential phase,
stationary phase). The area under growth/global mycotoxins curve (respectively AUGC and AURMC)
was calculated (Figure 3). All BCA treatments impacted growth of F. graminearum, especially Xeda and
Poly, causing growth reductions of respectively 48% and 79%.

In addition to reducing the pathogens mycelial development, Xeda and Poly had a direct
action on global DON production, with reductions in mycotoxin concentrations of 73% and 93%
respectively. F. graminearum 15-ADON production was affected and complete inhibition of 15-ADON
peak production (8 days after inoculation) was observed with all BCA treatments (see Figure A2). Dual
culture bioassays with F. verticillioides showed a completely different response profile to BCAs. Even if
the growth reduction of pathogen was significant face-to-face with Myco (24%), the specific production
was lightly stimulated. It was mainly with the reduction of pathogen growth that Xeda restricted
fumonisin production, with the most important inhibition levels (78%) among all BCA tested.

In summary, Poly was more efficient in the F. graminearum dual culture bioassay and Xeda was
more efficient in the F. verticillioides dual culture bioassay using common media (CM).
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Figure 2. Macroscopic and microscopic interactions during pathogen–BCA dual culture bioassay.
The F. graminearum and F. verticillioides control and confrontation plates respectively had CYA and PDA
media (CM, 7 days after inoculation). The same media were used for the slide confrontation (+72/96 h
after inoculation) indicated at the top of the figure. Colors indicate the type of microorganisms, and
letters indicate specific structures. Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.
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(B) 

Figure 3. Comparative effects of BCA treatments on the evolution of pathogens. Dual culture bioassays
for all BCAs against one pathogen were performed on common medium (CM). (A) F. graminearum,
on CYA, in orange; (B) F. verticillioides, on PDA, in pink, for 12 days. Myco: Mycostop®, Xeda: Xedavir®,
Poly: Polyversum®. Growth (pastel colors, bottom axis) and mycotoxin production levels (pastel
colors, top axis) are expressed in the area under growth/global mycotoxin curves (respectively AUGC
and AUGMC). Original kinetic curves are available in Figure A2. ANOVA test, Growth comparisons
(a, b, c, d) and Mycotoxin comparisons (A, B, C). p-value < 0.05. FB1 + FB2 are represented together
because the quantity of FB2 was not significant.
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2.4. Impact of Media Variation on Pathogenic Factors during Dual Culture Bioassay (Pathogens–BCAs)

Principal component analysis (PCA) analysis was performed in order to visualize global inhibition
profiles of pathogens depending on BCA treatment, but also to assess the impact of culture medium
on those inhibition profiles (Figure 4). For both biplots, the variables are well-projected and
equivalently projected, and the two first components explained 90.7% and 94.8% of data distribution
for F. graminearum (Figure 4A) and F. verticillioides (Figure 4B), respectively. The growth factor
mainly contributed to Dim2, mycotoxin factors mainly contributed to Dim1, and all variables were
in correlation. With all culture media combined, Myco and Control samples were regrouped in both
graphs in the positive part of biplot. However, culture media influenced the separation of samples
on CZA (F. graminearum control or confronted with Myco). Control samples were correlated with
DON and 15-ADON factors, in contrast to Myco treatment samples, on the other side of Dim2. In the
F. graminearum bi-plot (Figure 4A), Xeda and Poly samples are regrouped in the bottom-left quarter of
graph, suggesting strong opposition to the studied pathogen factor. For the Poly-confronted samples,
an increase of mycotoxin inhibition was observed in OMA, highlighting the important effect of culture
media on dual culture bioassay, illustrated here for F. graminearum. Global antagonist activity of Xeda
against F. graminearum in the CYA medium was higher than on CZA. On the F. verticillioides bi-plot
(Figure 4B), these two BCAs (Xeda and Poly) caused the most antagonistic activity. However, against
this pathogen, Xeda showed the strongest growth and mycotoxin inhibition. MYA-confronted samples
were further from the specific mycotoxin production factor than PDA-confronted samples, indicating
a higher specific mycotoxin reduction in this culture medium. Poly was able to inhibit pathogenic
factors in both culture media, but with OMA the separation between control and confronted samples
was greater, suggesting a stimulation of antagonistic capacities on this culture medium.

2.5. Nutrient Profiling and Nutritional Competition

Given the observed medium impact, nutrient profiling of all microorganisms was characterized using
phenotype microarray, and a comparison between microorganisms was performed to identify potential
nutritional competition. Along 138 h of incubation, a contrasting capacity to consume the different
nutritional resources appeared. As shown in Figure 5, globally, two clusters of microorganisms can be
distinguished based on the capacity to metabolize C sources (Figure 5A), with separate microorganisms
in two clusters: one with Poly and F. graminearum, which were able to consume less C sources than others
(high trophic requirements), and one including F. verticillioides, Xeda, and Myco, which could consume
a broad range of C sources (low trophic requirements). Some C compounds strongly stimulated the
growth of microorganisms, such as tyramine/glucose, N-acetylglucosamine/sucrose, threonine/tartaric
acid, glycerol/uridine, and proline/sucrose, respectively, for Myco, Xeda, Poly, F. graminearum, and
F. verticillioides. Sucrose was therefore the carbohydrate allowing the strongest growth of two antagonistic
microorganisms (Xeda and F. verticillioides). On other hand, threonine is a compound that is consumed
only by the Poly BCA and inhibits the growth of other microorganisms, including the two mycotoxigenic
pathogens. Concerning the aptitude of microorganisms to degrade nitrogen sources (Figure 5B),
two different clusters were formed: one with of Poly, Xeda, and Myco, which were able to consume less
N sources than others (specialized); and one including F. graminearum and F. verticillioides, which could
consume a broad range of N sources (unspecialized). This clustering was in accordance with the type of
microorganism (BCAs or pathogens), and Poly has a nitrogen consumption profile which is in complete
contrast to the F. verticillioides profile. Some N nutrients increase the growth of particular microorganisms:
histidine/lysine, uric acid/serine, xanthine/L-cysteine, uric acid/allantoin, and serine /L-pyroglutamic
acid, respectively, for Myco, Xeda, Poly, F. graminearum, and F. verticillioides. Preferential nitrogen sources
of Xeda were also the preferential nitrogen sources of the two pathogens.

Nutrient consumption and the resulting growth capacity were difficult to relate to the synergistic
effects that could be observed in the dual culture bioassay on complex synthetic media. Nevertheless,
results show that Poly, because of its high trophic requirement, has more difficulty consuming nutrients
than pathogens. This observation is confirmed with regard to the major elements that comprised the
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culture media of the dual culture bioassay (the two CM pathogens PDA and CYA, and the SM BCAs
OMA), even on OMA, where it showed very strong antagonistic capacities during dual culture bioassay.
Xeda had better biocontrol activity against F. verticillioides on MYA (global mycotoxin inhibition),
and against F. graminearum on CYA (growth and global mycotoxin inhibition). The MYA medium
was composed of fructose and mannitol, which the pathogen/BCA duo can degrade in equivalent
proportions. CYA medium contains sucrose and nitrate, two compounds for which Xeda has a stronger
affinity than F. graminearum.
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Figure 4. Principal component analysis (PCA) bi-plot with respect to the growth and mycotoxin
production data set (—) for the two considered pathogens, (A) F. graminearum and (B) F. verticillioides,
obtained after BCA confrontation (indicated by colors) in different selected culture media (indicated by
forms). Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.

25



Toxins 2020, 12, 152

Culture media: ulture me
CYA 

MYA MY
OMA 

dia:
PDA CYA

CZA 

-1 1
Row Z-Score

Color KeyA B

Figure 5. Growth induction of microorganisms during growth on 95 carbon sources (PM1) (A) or
95 nitrogen sources (PM3) (B). Both panels show optical density measurements over a 138-h time
course (i.e., area under the growth curves, AUGCs). Color keys of the heat map (from purple to
yellow) are expressed for one nutrient in comparison with other microorganisms (row comparison).
Micro-organisms are indicated by colors at the end of each column. Myco: Mycostop®, Xeda: Xedavir®,
Poly: Polyversum®. Major elements included in the composition of selected media are indicated by
forms next to the concerned nutrient. Medium compositions are available in Figure A1.
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3. Discussion

Based on the presented results, the development of dual culture bioassay methods and in particular
the choice of culture media should be considered during in vitro studies between mycotoxigenic
pathogens and BCAs. Globally, complex culture media selected for the affinity that the microorganisms
have for them allow good growth of all microorganisms, with the exception of Poly which does
not grow on CZA, a minimum medium. However, the mycotoxinogenesis of pathogens is strongly
influenced by the type of media, as shown by our results and as widely reported in the literature [21,22].
A study conducted by Gardiner et al. [22] on the nutritional profile of F. graminearum identified the
same type of profile, with preferential consumption of the same nutrient as in our results. It is
therefore necessary to select culture media that will promote production of this mycotoxin in order
to identify BCAs that will have a considerable impact even during high production. Most of the
in vitro dual culture bioassays between pathogenic fungi and BCAs are performed on PDA [23,24],
which does not stimulate the production of tricothecenes by F. graminearum. The use of two media
per BCA/pathogen coupling allows the observation of whether nutritional conditions impact the
inhibition caused by BCAs. The high mycotoxigenic capacity of the strains was verified. Many
variations can be observed between the two pathogens. In natural conditions, they originate from
different environments, as F. graminearum is isolated from wheat spikes while F. verticillioides is isolated
from maize kernels. In addition, the pathogens produce distinct types of mycotoxins (trichothecene
for F. graminearum and fumonisins for F. verticillioides) and their production levels are also different.
According to the analyses that we performed on both pathogenic strains, the maximum production
of fumonisin and trichothecene was about 5000 and 15,000 ng g−1 of media, respectively. Moreover,
their colonization strategies are in contrast: F. graminearum grew rapidly while producing fewer
spores, unlike F. verticillioides for which expansion was slower, but it compensated with a substantial
production of spores, allowing it to colonize the environment in a comparable way. For these reasons,
most of the analyses are carried out independently.

In dual culture bioassay with pathogens, Myco did not have time to develop, which did not allow
it to compete spatially with pathogens. The halos of inhibition and the absence of contact during the
observation period as well as the deformation of the pathogenic hyphae of F. graminearum suggest
the synthesis of diffusible antimicrobial compounds by the BCA. Actinomycetes, and particularly
Streptomyces species, are well known for their production of a wide spectrum of antibiotics [25,26].
In dual culture bioassay with F. verticillioides, they were even able to remotely prevent germination of
pathogenic spores and completely inhibit pathogen progression. Several compounds were emitted
by Streptomyces spp. and identified (e.g., as methyl vinyl ketone) for their ability to inhibit the
spore germination of phytopathogens [27,28]. The appearance of vesicles at the tips of the hyphae of
F. graminearum may be related to the synthesis of mycotoxins. Some studies have found that mycotoxins,
notably in F. graminearum, were synthesized in toxisomes, a kind of vesicle excreted out of the cells and
at the tip of hyphae [29,30]. The pathogen’s perception of BCA may stimulate this production. Based
on the results of the antagonistic tests, Myco tends to stimulate specific mycotoxin production despite
significant inhibition of the growth of both pathogens. Therefore, it is essential to test the ability of
BCAs to impact mycotoxin production and not only growth. Its ability to degrade many sources of
C allows it to grow under many conditions, which could make it a preventive treatment. However,
to effectively control pathogens, the ratio of inoculum from Myco must be superior than the quantity
of pathogens.

Xedavir adopts a completely different strategy. With good colonization capacities, can compete
with the development of pathogens. It can form a mechanical barrier that physically blocks the
development of pathogenic fungi and is also be able to establish connections between its hyphae and
those of pathogens through the formation of haustaurium [31]. When in contact with pathogens,
it can also synthesize compounds that degrade the fungal walls, probably chitinases, preventing
the progression of pathogens. Numerous studies have shown this ability in different species of
Trichoderma [32,33]. Not surprisingly, the genomes of the mycoparasitic Trichoderma spp. are rich in
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gene-encoding enzymes like chitinases and glucanases [34,35]. This wall degradation will provide a
preferential substrate for further development. It will rather have a hyperparasitic behavior [36]. Its goal
is to kill pathogens. Faced with F. graminearum, it will act directly on the specific mycotoxinogenesis
independently of growth reduction. It will therefore be able to act directly on the mycotoxin biosynthesis
pathways, or by biotransformation of the mycotoxins produced (transformation, degradation, binding).
It would be interesting to explore this potential because recent studies have identified mycotoxin
degradation capacities in other BCAs of the Trichoderma genus [37]. During in vitro dual culture
bioassays on selected media, culture media seem to influence the impact of Xeda on pathogens.
The nutritional resources of microorganisms will therefore impact the inhibition of pathogens by BCAs.
One culture medium could even allow Xeda to act more drastically on specific mycotoxinogenesis
(MYA–F. verticillioides), and thus reduced the mycotoxin concentrations of samples. These results
suggest that nutritional competition phenomena could be one of the weapons used by Xeda to fight
pathogens. This path is supported by the comparison of nutritional profiles of Xeda and pathogen
nutritional profiles. It appears that for certain compounds, the capacities of assimilation will be
equivalent or to the advantage of BCAs, notably certain culture media compounds used during the
dual culture bioassays (like sucrose). Indeed, culture media that allow a better inhibition of pathogens
(MYA and CYA, respectively for F. verticillioides and F. graminearum) will be considered as resources for
which microorganisms are in competition. Recently, Wei and collaborators showed that root-associated
bacterial communities with a clear niche overlap with the pathogen reduce pathogen invasion success,
constrain pathogen growth, and have lower levels of diseased plants in greenhouse experiments [38].

Concerning interactions between Poly and fusaria pathogens, Poly is one of the most competitive
BCAs despite its high nutritional requirements. It is able to proliferate very rapidly under favorable
conditions. Against the two pathogens, it will be able to invade the space left free more quickly, until it
grows on the colonies of the pathogen. This behavior suggests an interaction requiring close contact,
like parasitism. Poly is known for its capacities to colonize fungi and oomycetes [39]. The perception of
the pathogen could be done via the perception of ergosterol from pathogens. In fact, sterols have been
identified first as stimulating the sexual reproduction of Pythium species (like Poly) [40–42]. The same
stimulation effects have been observed during dual culture bioassays with fungal pathogens [43].
This ability is a considerable advantage for the invasion of Poly and its mechanisms of action against
pathogens. In addition to limiting the spatial spread of the pathogen, the absence of pathogenic
pigment suggests a direct interaction with the metabolism of mycotoxigenic pathogens. At the same
time after inoculation, compared to Xedavir, which has a slower progression, the contact took place
in a very subtle manner. It seems that the BCA did not want to be perceived by the pathogens and
only few wall degradation enzymes were synthesized. In dual culture bioassay against F. graminarum,
Poly was able to pass through the mycelium of the pathogen and induce formation of lysed wall hyphae.
They could be considered as privileged spaces for nutrient sampling by the BCA, suggesting again
a close-contact interaction, such as mycoparasitism. These observations are entirely consistent with
another study by Charlène Faure et al., who had observed the same type of behavior by Poly, capable
of crossing the mycelium of F. graminearum without forming any particular structure [43]. During the
antagonist activity test, Poly showed very good antagonistic capacities, allowing a reduction of the
growth of both pathogens. However, the impact on mycotoxin production was much stronger on
F. graminearum, against which it was particularly effective. By integrating the impact of the growing
medium, Poly was the BCA that was most sensitive to change in nutritional resources. From the
beginning of the study, it was the microorganism that was the most sensitive to culture media, with
an inability to produce oospores in vitro in synthetic culture media that are not enriched in sterols.
In contrast, it was able to deploy its mechanisms of action during dual culture bioassays because it was
stimulated by the presence of the pathogen and by the complex nutrients in the culture media. In fact,
it was most effective on a culture medium composed mainly of cereals (OMA). The results showed that
Poly was less adapted in terms of nutrient consumption than the pathogens on all the culture media of
the dual culture bioassays, even on OMA, where it showed very strong antagonistic capacities during
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dual culture bioassay test. It would therefore appear that unlike Xeda, nutrient competition was not
a preferential mechanism for Poly to deal with mycotoxigenic fungal pathogens. Nevertheless, it is
interesting to note that threonine was a compound that was consumed only by Poly BCA and did
not promote growth of other microorganisms, including the two mycotoxigenic pathogens. It was
interesting to test the enrichment of commercial formulations with compounds of this type in order to
boost the growth of Poly during treatment in real conditions.

The three BCAs therefore have contrasting and complementary strategies, with different capacities
to inhibit the propagation of pathogens. Their behavior was identical in one aspect: all inhibited the
peak production of 15-ADON produced by F. graminearum (see Figure A2A). 15-ADON is a precursor
to the formation of DON [44]. This inhibition could therefore be a sign of an action on the biosynthesis
pathway, in particular the Tri8 gene involved in the transformation of 15-ADON into DON.

4. Conclusions

In the present study, three commercial biological control agents (BCAs) were selected and tested to
evaluate their antagonistic activities against F. graminearum and F. verticillioides, two mycotoxigenic fungi.
Results suggest that this three BCAs revealed contrasting effects on growth and mycotoxin production
of pathogens, particularly Xedavir® against F. verticillioides and Polyversum® against F. graminearum,
the two most effective combinations. In addition, several paths could be explored concerning the
various observed modes of action of these BCAs, like antibiosis, parasitism, or mycotoxin degradation.
It would appear that the inhibition effect of BCAs could be dependent on the nutritional condition of
interaction, providing new insight into the nutritional phenotype and potential competition between
micro-organisms. Given the high levels of inhibition observed, further studies on the modes of
action of these BCAs could be conducted, for example on synthesis of anti-germinative compounds
by Mycostop®, chitinolytic activities or by-products of microbial detoxification of mycotoxins by
Xedavir®, or mycophageous action by Polyversum®.

5. Material and Methods

5.1. Micro-Organisms

5.1.1. Fusarium Species

F. graminearum isolate BRFM 1967 and F. verticillioides isolate BRFM 2251 were used (CIRM,
University of Aix-Marseille, Marseille, France), and chosen for their strong ability to produce
their respective mycotoxins. F. graminearum strain BRFM 1967, isolated from wheat plant, has a
deoxynivalenol (DON/15-ADON) chemotype profile, while F. verticillioides BRFM 2251, isolated from
maize kernels, has a fumonisins (FB1/FB2/FB3) chemotype profile. All fungi were maintained on potato
dextrose agar (PDA; BD Difco, Sparks, MA, USA) under paraffin oil at 4 ◦C and actively grown on
PDA at 25 ◦C for 7 days for spore production.

5.1.2. Commercial Biological Control Agents (BCAs)

Three commercial biological control agents were selected for their contrasting characteristics.
To date, there is little information on their action and biocontrol mechanisms on mycotoxigenic fungi
(Table 2).

All strains were isolated from their commercial product with a classical microbial insulation
protocol (serial dilution and multiple striation inoculation), on appropriate medium (supplemented
with 0.01% of tetracycline for Polyversum only). BCAs were conserved under spore forms in glycerol
solution (15%/−80 ◦C) and in commercial product aliquots (4 ◦C). The strains were actively grown on
ISP4, PDA, and V8, respectively, for Mycostop, Xedavir, and Polyversum at 25 ◦C for 7 days for spore
production. For the rest of the study, the strains isolated from commercial products were referred to
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using the following abbreviations: Myco for Mycostop/S. griseoviridis, Xeda for Xedavir/T. asperellum,
and Poly for Polyversum/P. oligandrum.

Table 2. Contrasting characteristics of the selected commercial biocontrol agents.

BCAs, Commercial
Products

Mycostop Xedavir Polyversum

Strain Streptomyces griseoviridis
strain K61

Trichoderma asperellum
strain TV1

Pythium oligandrum strain
M1/ATCC 38472

Family Actinomycete Ascomycete Pythiaceae
Kingdom Bacteria Fungi Oomycete

Plant/soil of isolation Sphagnum peat Root of tomato plant Sugar beet
Locations of isolation Finland Italy Czechoslovakia
Recommended Use General soil treatment General soil treatment Barley and wheat aerial treatment

Target(s) Soil-borne pathogen Soil-borne pathogen Fusarium graminearum
Commercialization company Lallemand Plant Care® Xeda International® DeSangosse®

Date of marketing 2014 2013 2015

Identified general
mechanism of action

Production of antimicrobial
compound, mycoparasitism,

plant defense induction

Mycoparasitism, plant
defense induction

Mycoparasitism, plant defense
induction

/on mycotoxigenic fungi /none /none /on F. graminearum

5.1.3. Behaviors on Different Media

To identify the culture media best suited to the dual culture bioassay of each of the BCAs/pathogen,
seven culture media candidates were chosen: PDA, Czapeck agar (CZA), Czapeck yeast agar (CYA),
and oat meal agar (OMA) for their affinity with pathogens [45–48], and potato dextrose agar (PDA),
International Streptomyces Project Medium 2 (ISP2), malt yeast agar (MYA), and corn meal agar (CMA)
for their affinity with BCAs (respectively all BCAs, Myco [49,50], Xeda [13,51,52], and Poly [53–55]).
The compositions of media are available in Figure A1. All isolates were inoculated at the center of Petri
dishes (5 μL × 104 spores mL−1) and the growth kinetics were measured by image analysis on ImageJ
software (area measurement in cm2/every two days for 8 days). Produced spores were evaluated by
flooding the plates on the final day at the end of kinetics (after 8 days) and counted under an optic
microscope with Thoma cell. Mycotoxin analyses were performed for pathogen with the method
described below (Section 5.2.2).

This result was be used to select two culture media for each BCA/pathogen pair for the dual
culture bioassay tests.

5.2. Antagonist Activity in vitro on Selected Culture Media

5.2.1. Dual Culture Bioassay and Growth Evaluation

On selected media (Table 1), one BCA and one pathogen were inoculated in a Petri dish, 85 mm in
diameter, at the same distance from the center of plate. The pathogens and BCAs were inoculated
with the spore suspension except for Poly, which was inoculated with 7-day plugs (5 mm in diameter).
Each BCA was inoculated 24 h in advance (5 μL × 105 spores mL−1 or plug); then the pathogens were
inoculated at the opposite side (45 mm from BCA, 5 μL × 104 spores mL−1). Plates were incubated at
25 ± 2 ◦C, in the dark, for 12 days. Plates inoculated only with the pathogen were used as a control
treatment. Every two days, Petri dish were photographed, and the colony area of each BCA/pathogen
were measured in cm2 by image analysis using ImageJ software (1.52a, Wayne Rasband National
Institute of Health, Bethesda, MD, USA, 2018). Values were used to create growth curves. Each
BCA/pathogen dual culture bioassay and control was set up in triplicate for each analyzed day and
two independent repetitions of the test were done.

5.2.2. Mycotoxin Extraction and Analysis

After growth evaluation, each dual culture bioassay plate was submitted to a mycotoxin analysis.
The extraction procedure described by Moreau and Levi [56] was used with some modifications (no
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purification steps). For both pathogens, half a Petri dish was sampled by cutting along the line formed
by the two inoculation points, and finely cut and weighed. For F. graminearum tests or controls, 50 mL of
acetonitrile/water/acetic acid (79:20:1, v/v/v) were added. For F. verticillioides tests or controls, 150 mL of
water/acetic acid (99.5:0.5, v/v/v) were added. All samples were homogenized by mechanical agitation
for 20 min. F. graminearum samples were preliminarily diluted 1:50 in water/acetic acid (99.5:0.5; mobile
phase of analyzer) and filtered with a CA filter (0.45 μm, Carl Roth GmbH, Karlsruhe, Germany);
F. verticillioides samples were directly filtered, and were ready for injection.

For all samples, mycotoxin detection and quantification were achieved using an Ultra
High-Performance Liquid Chromatography (UHPLC, Shimadzu, Tokyo, Japan) coupled with a mass
spectrometer (8040, Shimadzu, Tokyo, Japan). LC separation was performed using a Phenemenex Kinetex
XB Column C18 (50 mm × 2 mm; 2.6 μm particles) at 50 ◦C, with an injection volume of 50 μL. Mobile
phase composition was (A) 0.5% acetic acid in ultra-pure water and (B) 0.5% acetic acid in isopropanol
(HPLC MS grade, Sigma, St Louis, MO, USA), and the mobile phase flow rate was 0.4 mL min−1.
The mass spectrometer was operated in electrospray positive (ESI+) and negative (ESI–) ionization
mode, and two multiple reaction monitoring (MRM) transitions for each analyte were monitored for
quantification (Q) and qualification (q) (Table 3, Table 4). All data were analyzed using LabSolution
Software (v5.91/2017, Shimadzu, Tokyo, Japan,2017). Limits of detection or quantification (LOD/LOQ in
ng mL−1, respectively) for each mycotoxin were: DON (4/14), 15-ADON (10/35), FB1 (0.03/0.1), and FB2

(0.01/0.05). Mycotoxin levels were expressed in ng g−1 of medium or ng cm−2, respectively, for global
and specific mycotoxin production. Values were used to create global and specific mycotoxin production
curves. Each BCA/pathogen dual culture bioassay and control mycotoxin analysis was set up in triplicate
for each measurement day, and two independent repetitions of the test were done.

Table 3. MS/MS parameters for isotope-labelled internal standard (IS). MRM: multiple reaction monitoring.

IS Polarity MRM EC

DON C13 − 370.3 > 59.0 35
FB1 C13 + 756.3 > 356.5 −47

Table 4. MS/MS parameters for mycotoxins. Q: quantification; q: qualification.

Mycotoxin Polarity MRM Q EC MRM Q MRM Q EC MRM Q
R2 Calibration

Curve
IS

Fumonisin B1 + 722.35 > 334.5 −43 722.35 > 352.0 −44 0.9982 FB1 C13
Fumonisin B2 + 706.2 > 318.4 −37 706.2 > 3336.4 −44 0.9980 FB1 C13

DON − 355.0 > 59.0 35 355.0 > 265.1 35 0.9998 DON C13

5.3. Macroscopic and Microscopic Observations

For the macroscopic observations, plates obtained in the same conditions described previously
were used to identify for signs of an inhibition zone between each BCA/pathogen dual culture bioassay
or/and the activation of secondary metabolism through the differential presence of pigments compared
to the control or/and the BCA overgrowth on the pathogenic colony suggesting mycoparasite activity.
The BCA control plates were added, with BCA alone in same conditions.

Microscopic observations were performed with an adapted method from Reithner [57]. On glass
slides, 1.5 mL of common medium (CM) for each BCA/pathogens pair (CYA for F. graminearum and
PDA for F. verticillioides) were deposited, inoculated with BCA/pathogen pairs on opposite sides
(4.5 cm), incubated at 25 ◦C on supports in Petri dishes containing wet sterile filter paper, and sealed
with parafilm. Glass slides inoculated only with pathogens were used as the control. The evolution
of interaction was observed daily until 24 h after contact between BCAs and pathogens (120 h),
with a Zeiss PrimoStar microscope. Pictures were taken using a Zeiss Axiocam ERc5s camera (Carl
Zeiss Microscopy, Thornwood, NY, USA). The obtained pictures were treated with Photoshop CC
Software (19.0, Adobe, San Jose, CA, USA, 2017), using the following pipe-line: contrast/light correction,
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filter layer correction, selection of a color/black and white density filter (reduces yellowing of color
treatment, provides contrast for the microorganism contours), complementary manual selection of
microorganisms, color filling (background transparency and Gaussian blur), and directional gradient
in section.

5.4. Nutrient Profiling

Phenotype microarrays plates (Biolog, Hayward, CA, USA) were used for the nutrient profiling
of all microorganisms according to the manufacturer’s instructions. For the carbon and nitrogen
consumption profiling, PM1 and PM3 were used, respectively. Carbon sources in PM1 are in the
5–50 mM range and nitrogen sources in PM3 are in the 2–20 mM range [58]. Inocula were suspended in
sterile Biolog FF inoculating fluid and adjusted to a transmission of 81 and 62% at 590 nm for Myco and
other micro-organisms, respectively. Plates were incubated in darkness at 25 ◦C, and growth (optical
density) at 750 nm after 0, 12, 18, 24, 36, 42, 48, 60, 66, 72, 84, 90, 96, 114, and 138 h using an Enspire
Multimode Reader (Perkin Elmer, Waltham, MA, USA) was monitored. The precise composition of all
dual culture bioassay media was established in light of literature and confronted with the nutrient
resources of plates.

5.5. Data Expression and Statistical Analysis

With the aim of considering complete growth and/or mycotoxin production kinetics, and not
only a final point, the area under the growth/mycotoxin production curves were calculated for the
antagonistic test and nutrient profiling test.

Statistical data analysis was performed with R Software (3.4.4, R Foundation for Statistical
Computing, Vienna, Austria, 2017). Normality and homogeneity of variances were checked with
the Shapiro–Wilk test (with Holm–Bonferroni correction) and Levene’s test, respectively. For each
pathogen, the effect of BCA treatments was tested with a one-way ANOVA and multiple comparisons
of means were done with Tukey’s test (α = 0.05). For the principal component analysis (PCA), data were
standardized, and the analysis was done on the correlation matrix with the FactoMine R package.
The first two components were retained in both cases. For the visualization of specific differences
between microorganisms nutrient profiling, the negative control was subtracted and a heatmap was
built with the ggplot package. The color scale indicates differential nutrient consumption in comparison
with other micro-organisms (row comparison).
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Appendix A.

Appendix A.1. Medium Composition

Figure A1. Detailed composition of culture media. In all tables, principal ingredients for the preparation of
media in laboratory are described. Trace element solutions (TES) were added after autoclaving the culture
media. For complex ingredients, superscript numbers refer to the main components in C and N identified
through the literature. 1 Agar [59,60]. Major C components: β-D- galactopyrose, α-L-galactopyranose,
agarobiose, agaropectine. Major N component: uronic acid. 2 Yeast extract [60,61]. Major C component:
mannitol. Major N components: alanine, lysine, aspartic acid, glutamic acid. 3 Potato infusion [62,63].
Major C component: starch (glucose + glucose), Major N components: asparagine, glutamine, aspartic
acid. 4 Malt extract [60,64]. Major C components: maltose, glucose-fructose, dextrine, maltobiose. Major
N components: glutamic acid, proline, alanine, leucine, phenylalanine. 5 Oatmeal [65–67]. Major C
components: starch (glucose+glucose), arabinoxylane, β-glucan. Major N components: phenylalanine,
tyrosine, leucine, valine, arginine, lysine, glutamic acid, glycine, alanine, serine.
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Appendix A.2. Kinetics of Pathogen Growth and Mycotoxin Inhibition in Dual Culture Bioassay with BCAs
(Common Media, CM)

A 

B 

Figure A2. Comparative effects of BCA treatments on the evolution of pathogens. Dual culture bioassays
for all BCAs against one pathogen were performed using common medium, CM. (A) F. graminearum,
on CYA, in orange; (B) F. verticillioides, on PDA, in pink, for 12 days. Growth (A1, B1) is expressed in
cm2, and mycotoxin production levels (A2, A3, B2) are expressed in ng g−1 of media. FB1 + FB2 are
represented together because the quantity of FB2 was not significant. ANOVA test, p-value < 0.05.
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Abstract: Mycotoxins are secondary metabolites produced by certain filamentous fungi, causing
human and animal health issues upon the ingestion of contaminated food and feed. Among the safest
approaches to the control of mycotoxigenic fungi and mycotoxin detoxification is the application of
microbial biocontrol agents. Burkholderia cepacia is known for producing metabolites active against
a broad number of pathogenic fungi. In this study, the antifungal potential of a Qatari strain of
Burkholderia cepacia (QBC03) was explored. QBC03 exhibited antifungal activity against a wide
range of mycotoxigenic, as well as phytopathogenic, fungal genera and species. The QBC03 culture
supernatant significantly inhibited the growth of Aspergillus carbonarius, Fusarium culmorum and
Penicillium verrucosum in PDA medium, as well as A. carbonarius and P. verrucosum biomass in
PDB medium. The QBC03 culture supernatant was found to dramatically reduce the synthesis of
ochratoxin A (OTA) by A. carbonarius, in addition to inducing mycelia malformation. The antifungal
activity of QBC03’s culture extract was retained following thermal treatment at 100 ◦C for 30 min.
The findings of the present study advocate that QBC03 is a suitable biocontrol agent against toxigenic
fungi, due to the inhibitory activity of its thermostable metabolites.

Keywords: Ochratoxin A; biological control; Qatari microflora; Burkholderia cepacia; thermostability

Key Contribution: The Qatari Burkholderia cepacia QBC03 has an antagonistic activity against a broad
range of fungal genera and species. Moreover, the antifungal compounds produced by QBC03 are
thermostable and present inhibitory activity towards both fungal growth and mycotoxin biosynthesis.

1. Introduction

Mycotoxins are natural contaminants produced by certain filamentous fungi, mainly belonging
to the genera Aspergillus, Penicillium, and Fusarium. The contamination of food commodities with
toxigenic fungal species, either at pre- or post-harvest (transportation, storage) phases, leads to the
accumulation of their toxic secondary metabolites [1,2]. Among a long list of mycotoxins, aflatoxins
(AFs), ochratoxin A (OTA), deoxynivalenol (DON), trichothecene (T2) and 3′-Hydroxy T2 (HT2) citrinin,
patulin, fumonisins, zearalenone, and trichothecenes are widely studied [3]. The health implications
due to dietary exposure to mycotoxins include immunosuppression, carcinogenicity, mutagenicity,
teratogenicity, genotoxicity, etc. [3–6].
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OTA, the most toxic among the ochratoxins, is a secondary metabolite of some Aspergillus
(A. carbonarius, A. ochraceus, A. westerdijkiae and A. niger) and Penicillium (P. verrucosum, P. nordicum)
species [7]. The contamination of these fungi leads to the accumulation of mycotoxin in a variety of
food and feed products including cereals, fruits juices, animal feed, wine, and baby food [8–10]. OTA
is primarily known for its nephrotoxic activity, while the other effects range from the mild reduction in
animal production performance to carcinogenesis [11]. In most developed, and in some developing
countries, strict regulatory measures are in practice to monitor and control OTA in food and feed. The
International Agency for Research on Cancer (IARC) has placed OTA in group 2B of the list of possible
human carcinogens [12].

Apart from the toxigenic potential of the fungi, several other environmental factors—such as
nutrient availability, humidity, temperature, and the pH of the substrate—play a vital role in the
accumulation of toxins [13–15]. Several approaches, including the use of chemicals (pesticides and
fungicides), physical interventions and improved managemental technologies are in practice to
reduce/eliminate the fungal disease burden [16]. Each approach holds its success rate, but the side
effects on the environment and production system have been compromised to some degree. It is
known that the intensive use of chemicals not only raises human health concerns due to their residual
transfer to food and feed, but it also leads to the emergence of fungicide-resistant populations. In recent
years, research efforts were focused to find out safe approaches to overcome the problems related
to mycotoxigenic fungi. Many microbial antifungal environment-friendly products (both volatiles
and non-volatiles) are being explored and tested for their potential application in agriculture and
the food industry [17–20]. The mode of action of these biological agents is either antibiosis (through
the production of antibiotics, lytic enzymes, and antagonistic proteins), competition for space and
nutrients, and/or the enhancement of plant defense mechanisms [21]. Several bacterial biocontrol
agents including Lactobacillus, Pseudomonas, and Bacillus spp. have been explored for the ability to
produce antifungal compounds that can lyse either the fungal cell wall or cell membrane [22].

In the present study, we aimed to explore the antifungal potential of Burkholderia cepacia strain
QBC03, isolated from the Qatari feed market, against key mycotoxigenic and plant pathogenic fungi
belonging to genera Aspergillus, Penicillium and Fusarium.

2. Results

2.1. Determination of the Spectrum of Burkholderia Cepacia QBC03 Antifungal Activity

The antagonistic spectrum of QBC03 was explored against 21 fungal species belonging to the
Aspergillus, Fusarium and Penicillium genera, using a spore overlay method. The bacterial compound
diffused into the medium showed a clear zone of fungal growth inhibition against a wide range of
fungi, as shown in Figure 1. Among the tested fungal genera, Aspergillus and Penicillium showed
higher sensitivity compared to Fusarium. Based on the zone of fungal growth inhibition, A. carbonarius
was the most sensitive species. Similarly, P. camemberti showed significantly higher sensitivity as
compared to other tested Penicillium spp. As can be seen from Figure 1, F. verticillioides was the least
sensitive species.
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Figure 1. Effect of QBC03’s antifungal compounds on fungal growth. The zones of fungal growth
inhibition (mm) around the bacterial colonies were recorded at day 4 of co-incubation. A. carbonarius
showed highest sensitivity, while F. verticillioides was the least sensitive fungus. The Tukey test was
performed to compare the inhibition zones for species within the same genus. Bars show the zone
of inhibition (mm) with denoted letters (a–h). Values sharing the same letter are non-significantly
different from each other (p ≤ 0.05).

2.2. Antifungal Activity of QBC03’s Culture Extract in Solid Media

To further explore the antagonistic activity of QBC03, a bacterial-cell-free culture extract was
added to PDA at different concentrations, ranging from 2.5% to 15.5%. One fungal species from each
tested genus was point-inoculated on solid media. A gradual inhibition of the fungal radial growth
was noticed at increasing concentrations of the bacterial culture extract. There was complete inhibition
of P. verrucosum, A. carbonarius and F. culmorum spore germination on PDA containing bacterial culture
extract at concentrations higher than 5.5%, 7.5% and 13.5%, respectively (Figure 2). The PDA plates
with QBC extracts above the threshold levels inhibited fungal spore germination, even after one month
of incubation, hence indicating the long-term stability of the antagonistic compounds.
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Figure 2. Comparison of the growth inhibition ratios for A. carbonarius, F. culmorum and P. verrucosum
on PDA amended with the QBC03 culture supernatant. The PDA was amended with 2.5%, 3.5%, 4.5%,
5.5%, 6.5%, 7.5%, 8.5%, 9.5%, 9.5%, 10.5%, 11.5%, 12.5%, 13.5%, 14.5%, and 15.5% of the QBC03 culture
supernatant, and the fungal colony diameter (mm) was measured after 5 days of incubation at 25 ◦C. The
fungal colony size on treated media was compared with that on untreated PDA media to calculate the ratio
of inhibtition (%).

2.3. Effect of QBC03’s Metabolites on the Fungal Biomass

To analyze the antifungal activity of QBC03 in a liquid medium, fungal spores of A. carbonarius and
P. verrucosum were inoculated in PDB amended with increasing concentrations of the bacterial-cell-free
culture supernatant. The fungal biomass, mycelial morphology and OTA synthesis (by A. carbonarius
only) were recorded after 72 h of incubation with shaking (approximately 0.55 xg). The addition of 1%
and 2% of bacterial extract showed a drastic effect on the biomasses of A. carbonarius and P. verrucosum,
respectively, which decreased to half the biomass of the control. The biomass decrease displayed a
dose-dependent manner (Figure 3A). Likewise, the effect of increasing bacterial concentrations was
also found to affect the synthesis of OTA by A. carbonarius. As shown in Figure 3B, the concentration of
OTA synthesized in the liquid media by A. carbonarius was directly related to its biomass. Following
the fungal biomass pattern, a complete inhibition of OTA synthesis by A. carbonarius was noted in
media containing 100% bacterial supernatant.

 

Figure 3. Effect of increasing QBC03 culture supernatant on fungal biomass and OTA synthesis in liquid
media. Dry weight of the fungal mycelium (mg) in a medium inoculated with 0%, 1%, 2%, 3%, 4%, 5%,
6%, 7%, 8%, 9%, 10%, and 100% of QBC03 culture supernatant in PDB (A). OTA concentration (ng/20 mL
PDB) synthesized by A. carbonarius in media containing the bacterial supernatant at levels given above (B).
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The microscopic examination of fungal mycelia, collected from the PDB media flask amended
with increasing concentrations of QBC03 culture extract, showed significant morphological alterations.
The mycelia of P. verrucosum obtained from PDB amended with 2% QBC03 extract (Figure 4B) showed
the fragmentation and shortening of most of the fungal cells with thicker walls, as compared to the
untreated mycelia (Figure 4A). Similarly, Figure 4D,E show that the addition of the QBC03 extract at
2% in PDB resulted in the thickening of mycelial walls with swollen ends and bulbous protoplasmic
aggregations in A. carbonarius, compared to the thin long mycelia of the control fungi (Figure 4C).

 
Figure 4. Effect of QBC03 culture supernatant on fungal mycelium morphology. Microscopic appearance
of untreated P. verrucosum mycelium with intact long and thin cells (A), as compared to the fragmented
mycelia ((B), arrows) of fungi treated with 2% of the bacterial extract. The morphology of A. carbonarius
mycelia with long and thin cells from control (C) vs treated with 2% QBC03 extract ((D), arrows and
(E), arrows). The images were captured at 1000× using a light microscope.

2.4. Effect of QBC03 Culture Extract on Fungal Spore Germination

The effect of QBC03 metabolites on the spore germination of the selected toxigenic fungal
species—P. verrucosum, A. westerdijikae, A. carbonarius and F. oxysporum—was explored. In the wells of a
24-well plate, fungal spores were suspended in PDB mixed with the bacterial culture supernatant. The
conidial germination was observed under a microscope and the representative images are presented
in Figure 4. After 24 h of incubation, the conidia of the control groups (Figure 5A,B) showed long,
protruding germination tubes, which were not found in the treated conidia (Figure 5C,D).
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Figure 5. Effect of QBC03’s supernatant on the conidiospore germination. P. verrucosum control spores
showing germination tubes (A), as compared to those exposed to bacterial antifungal compounds
(C) showing no germination after 24 hr of incubation. Plate (B,D) are A. westerdijikae spores in PDB
with visible spore germination, and in PDB+QBC03 culture supernatant without any germination,
respectively. The images were captured using an inverted microscope (×600).

2.5. Study on the Thermostability of QBC03 Antifungal Compounds

The thermostability of QBC03 antifungal compounds was studied by exposing its cell-free culture
supernatant to different temperatures. Low-temperature treatments, such as −80 ◦C, −20 ◦C, and 4 ◦C
for 30 min, had no significant effect on the antifungal activity of the bacterial supernatant (Figure 6A).
The QBC03 culture supernatant, treated at 26 ◦C for 30 min, showed the highest activity against
A. carbonarius (Figure 6A,B), and the one treated at 30 ◦C showed the most prominent activity towards
P. verrucosum and F. culmorum. Increasing the heat treatments, at 40 ◦C and above, showed a decline in
the antifungal efficacy of the bacterial compounds. Thermal treatment at 100 ◦C for 30 min, although
significantly reducing the antifungal activity of the bacterial culture extract, still resulted in significant
fungal growth inhibition.
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B 

Figure 6. Effect of temperature on the stability of the QBC03 supernatant. The zones of fungal growth
inhibition (mm) against F. culmorum, A. carbonarius and P. verrucosum were recorded around the wells
containing heat-treated bacterial culture extract. (A) Inhibition zones at different temperature treatments
for each species were denoted with letters (a–g), and inhibition zones sharing the same letter within the
same species are considered as insignificantly different from each other. (B) Representative Petri dish
of A. carbonarius showing the inhibition zones.

3. Discussion

In this study, we aimed to explore the antifungal potential of a B. cepacia strain (QBC03)
isolatedfrom Qatar against some key mycotoxigenic and plant pathogenic fungi. In preliminary
screening experiments, the antagonistic activity of QBC03 was tested on a total of 21 fungal species
belonging to the genera Aspergillus, Fusarium and Penicillium. Although QBC03 showed a strong
antagonistic activity against all the tested fungal species, some genus- and species-specific differences
were observed. Aspergillus and Penicillium spp. were more sensitive in comparison to Fusarium spp.
Similarly, within the same genus, some species were more sensitive than others, which might be due to
structural or chemical differences in the cells. In line with the present study, the volatiles produced by
Bacillus megaterium and Pseudomonas protegens showed differential effects on Aspergillus and Penicillium
spp. [23].

In order to further explore the nature of the antifungal compounds, the culture supernatant of
QBC03 was added at increasing concentrations to a PDA medium. Increased concentrations of the
bacterial culture supernatant in the medium resulted in the increased growth inhibition of the tested
fungi. There was complete inhibition of P. verrucosum, A. carbonarius and F. culmorum on the PDA
medium amended with ≥6.5%, ≥8.5% and ≥14.5% of QBC03 culture extract, respectively. These results
suggest the non-volatile nature of the antagonistic compounds released by the bacteria. In line with
the present study, Kilani-Feki et al., [24] reported a 90% inhibition ratio of Rhizoctonia solani in PDA
amended with 3% culture supernatant of B. cepacia (CS5). Similarly, the culture extract of Bacillus subtilis
showed similar antagonistic activity against plant pathogenic Stenocarpella maydis and Stenocarpella
macrospora [25].

In another experiment, we aimed to explore the effect of the bacterial culture supernatant on
fungal biomass, mycelium morphology and mycotoxin biosynthesis. The incorporation of very low
percentages (1% and 3%) of bacterial supernatant reduced the biomass significantly to almost half
of that observed in the untreated control of both A. carbonarius and P. verrucosum. A similar effect
was observed on Botrytis cinerea biomass production upon the addition of a B. cepacia supernatant at
0.9% [26]. Accordingly, with regards to biomass reduction, a similar decline was observed in OTA
content released in the culture medium, indicating the significant effect of QBC03 metabolites on fungal
growth as well as their mycotoxin production. These effects may be associated with the downregulation
of fungal genes responsible for growth and mycotoxin synthesis potential. In a recent study [27], the
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exposure to volatile yeast (2-phenylethanol) resulted in a significant reduction (25%–99.9%) in the
expression of key genes involved in OTA synthesis.

Future studies will be designed to investigate the precise nature of QBC03 antifungal compounds
and their mode of action. The microscopic observation of the fungal mycelium exposed to QBC03
culture supernatant showed fragmentation, granulations and swellings. In addition, in the present
study, the appearance of chlamydospores (Figure 4E), which are a general indication of fungal growth
suspension and dormancy [28,29], showed that the QBC03 culture supernatant created an environment
not favorable for the growth and propagation of A. carbonarius.

The absence of a germination tube emerging from the surface of conidia indicated that bacterial
compounds completely inhibited the spore germination in P. verrucosum, A. westerdijikae and F. oxysporum.
These findings are in line with earlier studies [30,31], reporting similar spore germination inhibition
by bacterial antifungal compounds. The ability of the QBC03 antagonistic compounds to maintain
their antifungal activity, even after boiling for 30 min, is the most promising feature for their possible
application in future. The thermostability of bacterial compounds towards their antagonism against
fungal isolates has been studied [32–35].

4. Conclusions

In this study, the in-vitro biocontrol activity of a B. cepacia strain (QBC03) against a wide range of
fungi belonging to the genera Aspergillus, Penicillium and Fusarium was investigated. A high sensitivity
to QBC03 was observed in fungi belonging to the Aspergillus genus, followed by Penicillium and
Fusarium. The presence of bacterial antifungal compounds in the culture supernatant confirmed the
diffusible nature of molecules. The thermostability of the QBC03 compound under a wide range of
temperatures warrants its wide application. The promising antagonistic activity of QBC03 against a
range of fungi suggests its application in the agriculture and the food industry, to replace or to strongly
reduce the application of chemical fungicides. We believe that the findings of this research represent
an excellent basis for the future exploitation of these antifungal compounds, hence, more studies need
to be focused on purifying these interesting antifungal compounds and investigating their nature.

5. Materials and Methods

5.1. Microbial Strains

The Burkholderia cepacia strain (QBC03) is a local strain isolated from marketed feed samples in
Qatar (data not shown). The list of strains included; A. carbonarius (AC82), A. flavus (CECT2687),
A. fumigatus (AF14), A. niger (AN8), A. ochraceus (CECT2948), A. parasiticus (AF82), A. westerdijkiae
(AW82), P. camemberti (PC44), P. expansum (PE82), P. digitatum (PD43), P. italicum (PI48), P. verrucous
(TF11), F. anthophilum (FAn01), F. chlamydosporum (FCh01), F. culmorum (FCu11), F. graminearum
(FGr14), F. oxysporum (Fox9), F. solani (FS05), F. subglutinans (FSuF12), F. proliferatum (FP08), and
F. verticillioides (FV04).

5.2. Screening the Antifungal Activity of QBC03

The antifungal spectrum of QBC03 was determined using the spore overlay method around the
bacterial colony. Briefly, with the help of a sterile toothpick, bacterial cells were transferred to the center
of a nutrient agar plate, prepared by adding 1 g of meat extract (Mikrobiologie, Darmstadt, Germany),
5 g of peptone (Acumedia, Heywood, UK), 5 g of sodium chloride, 2 g of yeast extract (Himedia,
Mumbai, India) and 15 g of agar in 1L of water. Before overlying the fungal spores, bacterial plates
were incubated at 30 ◦C for 48 h to allow sufficient time to synthesize their antagonistic compounds.
From a 7 d old, pure fungal colony, a loopful of inoculum was taken and suspended in 0.9% NaCl with
1% Tween 80. The spores were counted using a hemocytometer and their concentration was adjusted
to 106/mL. The spores were transferred to 10 mL of soft PDA (Potato Dextrose agar from Foremedium,
Hunstanton, England) and assayed around the bacterial colony. The plates were incubated at 26 ◦C
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for four days, and the diameters of the fungal zones of inhibition around the bacterial colony were
measured in mm. The antifungal spectrum of QBC03 was tested against single representatives of the
21 fungal species mentioned in Section 5.1.

5.3. Investigation of QBC03 Culture Extract on the Fungal Growth in Solid Media

To test the antifungal activity of the QBC03 culture supernatant, bacterial cells were cultured in
Nutrient Broth Yeast (NBY) extract media as described by Kilani-Feki and Jaoua [17]. For this purpose,
a 7 h old preculture of QBC03 was prepared by transferring a single colony to 10 mL NBY broth, and
from this an inoculum was taken to prepare a 48 h-old bacterial culture in NBY. The bacterial broth
was centrifuged at 5500× g for 20 min and the supernatant was collected. The obtained supernatant
was added to molten PDA at 2.5%, 3.5%, 4.5%, 5.5%, 6.5%, 7.5%, 8.5%, 9.5%, 9.5%, 10.5%, 11.5%, 12.5%,
13.5%, 14.5%, and 15.5%. To inhibit the growth of any bacterial cell in the media, chloramphenicol at 100
μg/L was also added. From each fungal genus, one species (A. carbonarius, F. culmorum, P. verrucosum)
was chosen for this experiment. Three microliters of fungal spore suspension (×103) was inoculated on
the center of the PDA plates which were subsequently incubated at 26 ◦C for 5 days. The diameter of
the fungal colonies was measured at day 5, and the inhibition ratios were estimated using the following
equation:

Inhibition ratio (%) =
diamter of control− diameter of treated

diameterof the control
× 100

5.4. Investigation of the Effect of QBC03 Culture Extract on Fungal Biomass and Mycotoxin Synthesis

The effect of the bacterial culture supernatant on the fungal biomass production and OTA synthesis
of A. carbonarius was studied. The bacterial culture supernatant was obtained as described in Section 5.3,
and was added to PDB (Potato Dextrose Broth from Foremedium Hunstanton, England) amended with
500 μg/L chloramphenicol to obtain the final concentrations of 0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,
10%, and 100% (no PDB, only bacterial culture supernatant with antibiotic). Inocula of A. carbonarius or
P. verrucosum, represented by 10 μL of a fungal spore suspension (106/mL), were transferred to flasks
(50 mL volume) and incubated at 26 ◦C for 72 h with continuous shaking at approximately 0.55× g.
The fungal biomass production was measured by the filtration of flask contents using nitrocellulose
paper in a Buchner funnel connected to a vacuum assembly. The biomass of the treated fungi was
compared with the untreated control (only PDB). Morphological changes in the fungal mycelium
including hyphal cell fragmentation, cell wall thickness, cytoplasmic degranulation, and the formation
of chlamydospores were observed using a light microscope. The filtrate of each treatment was collected
separately in Eppendorf tubes for the analysis of mycotoxin concentration using an OTA ELISA kit
(RIDASCREEN® Ochratoxin A, R-Biopharm, Germany), and the readings were taken using an ELISA
plate reader installed with SkanIt software.

5.5. Evaluation of the Effect of QBC03’s Antifungal Compounds on Fungal Spore Germination

The effect of the QBC03 extract on fungal spore germination was tested in 24-wells plates. Spore
suspensions were prepared from 7 day-old cultures and washed twice [22]. PDB (900 μL), amended
with 500 μg/L chloramphenicol and QBC03 culture supernatant (100 μL), was added in each well.
Further, 2 μL of fungal spores (×103) from either P. verrucosum, A. westerdijikae or F. oxysporum were
added to each well. The plate was sealed with Parafilm and incubated at 26 ◦C for 24 h. The germination
of the spores treated with the extract was compared to the germination of the spores in control (having
PDB only).

5.6. Influence of Temperature on the Stability of QBC03 Antifungal Compounds

In order to test the thermal stability of the QBC03 antifungal compounds, the bacterial culture
supernatant—obtained using the method described in Section 5.2—was treated at −80 ◦C, −20 ◦C,
4 ◦C, 26 ◦C, 30 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, and 100 ◦C for 30 min. Spore suspensions from A. carbonarius,

47



Toxins 2019, 11, 700

P. verrucosum and F. culmorum were prepared (106/mL), and 200 μL was spread on the surface of PDA
amended with 100 μg/L chloramphenicol. Wells of 7 mm in diameter were obtained using a sterile
cork-borer in the PDA plates, and 100 μL of treated extract was loaded. After 72 h, the zones of fungal
growth inhibition around the wells were measured.

5.7. Statistical Analysis

SPSS statistical software (Version 23, IBM, NY, USA, 2017) was used for data analysis. An analysis
of variance (ANOVA) and the multiple comparisons test (Tukey-test) were performed.
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Abstract: Fusarium graminearum is a notorious pathogen that causes Fusarium head blight (FHB) in
cereal crops. It produces secondary metabolites, such as deoxynivalenol, diminishing grain quality
and leading to lesser crop yield. Many strategies have been developed to combat this pathogenic
fungus; however, considering the lack of resistant cultivars and likelihood of environmental hazards
upon using chemical pesticides, efforts have shifted toward the biocontrol of plant diseases, which is
a sustainable and eco-friendly approach. Fengycin, derived from Bacillus amyloliquefaciens FZB42, was
purified from the crude extract by HPLC and further analyzed by MALDI-TOF-MS. Its application
resulted in structural deformations in fungal hyphae, as observed via scanning electron microscopy.
In planta experiment revealed the ability of fengycin to suppress F. graminearum growth and highlighted
its capacity to combat disease incidence. Fengycin significantly suppressed F. graminearum, and also
reduced the deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol
(15-ADON), and zearalenone (ZEN) production in infected grains. To conclude, we report that fengycin
produced by B. amyloliquefaciens FZB42 has potential as a biocontrol agent against F. graminearum and
can also inhibit the mycotoxins produced by this fungus.

Keywords: fungal-bacterial interactions; Bacillus amyloliquefaciens; Fusarium graminearum; Fengycin;
mycotoxins

Key Contribution: Fengycin produced from Bacillus amyloliquefaciens FZB42 can inhibit F. graminearum
growth and pathogenicity and have negative impact on mycotoxins biosynthesis.

1. Introduction

China is the leading producer of wheat worldwide, and Fusarium graminearum is a major causal
agent of Fusarium head blight (FHB) epidemics in the country, affecting various cereal crops, either in the
field or upon their storage in humid conditions [1,2]. Infections in the field can occur at any stage, from
anthesis to kernel development, and this plant pathogenic fungus mainly infects florets. Under favorable

Toxins 2019, 11, 295; doi:10.3390/toxins11050295 www.mdpi.com/journal/toxins51



Toxins 2019, 11, 295

environmental conditions, an infection can be established within 3 to 4 days. F. graminearum produces
numerous potentially important mycotoxins. Deoxynivalenol (DON) is the most abundant form
of the trichothecenes found in grain and is a sesquiterpenoid. Acetylated derivatives of DON, less
toxic than DON, are also found in grains 15-ADON. While trichothecenes are known to be produced
during the early stages of the infection process in host plants, the most common non-steroidal
estrogenic mycotoxins and Zearalenol (ZEN) is produced at the end of the infection process [3].
Fungus invades and colonizes grains and produces deoxynivalenol [4], which is the most common
mycotoxin. Infected seeds show reduced germination and produce weaker seedlings. DON is the
final product of the trichothecene biosynthetic pathway. It causes several biological disturbances and
acts as an inhibitor during protein synthesis [5]; moreover, it is highly toxic, and thus unfit for the
consumption of humans or animals [1,6]. FHB management remains challenging. There are still very
few varieties of wheat that are highly resistant to F. graminearum. Synthetic chemicals are effective
for controlling FHB in wheat; however, they are inevitably associated with environmental pollution
and resistance development in F. graminearum [7]. Therefore, to control FHB in wheat, it is of high
urgency to explore alternative management strategies that are not only reliable but also less toxic to
the environment.

To date, biocontrol agents have attracted huge scientific attention as they are environmentally
friendly [8]. Plant growth-promoting rhizobacteria (PGPR) are evidently promising for suppressing
various fungal diseases and stimulating plant growth. Many PGPR strains have been successfully
formulated as biopesticides to control plant diseases [9]. Bacillus spp. are the most promising
antagonistic PGPR. Bacillus amyloliquefaciens FZB42 (now called B. amyloliquefaciens subsp. plantarum
FZB42) is a Gram-positive strain and well known for its antagonistic activity, extensive rhizosphere
colonization, and plant growth stimulation [10,11]. This strain reportedly produces secondary
metabolites that suppress soil-borne plant pathogens; genome analysis of FZB42 revealed 10 gene
clusters, covering nearly 10% of the whole genome, and these are responsible for producing secondary
metabolites that display antimicrobial and nematocidal activities. These secondary metabolites include
three lipopeptides (surfactin, bacillomycin D, and fengycin), three polyketides (macrolactin, bacillaene,
and difficidin) [3,4], one siderophore (bacillibactin), one antibacterial dipeptide (bacilysin), and two
ribosomally produced and post-translationally modified peptides plantazolicin and amylocyclicin.
FZB42 can also synthesize plant hormones, such as indole-3-acetic acid, and produce volatile
compounds, such as 2,3-butanediol, to promote plant growth. All these metabolites contribute
to the biocontrol properties of FZB42. Moreover, this strain displays strong antagonistic activity against
fungi, such as Rhizoctonia solani, Botrytis cinereal [6], F. oxysporum [7], and against bacteria, such as
Erwinia amylovora [8] and Xanthomonas oryzae [12]. A recent study demonstrated that bacillomycin D
is involved in antagonistic interactions with F. graminearum, provoking physiological and metabolic
changes during the antagonism [13]. The living spores of FZB42 have also been used to develop
commercial products, such as RhizoVital®. Accordingly, FZB42 seems to be a good candidate for use
as a biocontrol agent against plant pathogens in agricultural production systems.

Here we report that fengycin produced by B. amyloliquefaciens FZB42 significantly inhibits the
growth of F. graminearum and the biosynthesis of the mycotoxins, including deoxynivalenol (DON),
3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON), and zearalenone (ZEN).

2. Results

2.1. Fengycin Produced by B. amyloliquefaciens FZB42 mutant AK1S Displayed Antagonistic Activity Against
F. graminearum

It has already been reported that both B. amyloliquefaciens FZB42 and its crude extract of secondary
metabolites could suppress F. graminearum growth. The mutant AK2 and AK1S cultures and their
crude extracts showed inhibition activity against F. graminearum growth, as indicated by clear zones in
the inoculated bacteria and extracts (Figure 1).
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Figure 1. Antagonistic activities of AK2 and AKIS against F. graminearum PH-1 (A) and of their
secondary metabolite extract (B). CK, control (LB medium or methanol).

AK2 could produce bacillomycin D and surfactin, but not fengycin; HPLC results indicated that
AK2 showed typical peaks for bacillomycin D (from 16 to 20 min) and surfactin (from 40 to 48 min)
(Figure 2). MALDI-TOF-MS analysis also confirmed that AK2 could only produce bacillomycin D and
surfactin. There were peaks (M + H)+ for molecular ion peaks (M + Na)+ for C14–C15 surfactin at m/z
1044 and 1058, and ion peaks (M + K)+ for C15 surfactin at m/z 1074 (Figure 2). Furthermore, there
were molecular ion peaks (M +Na)+ for C15 bacillomycin D at m/z 1067, and ion peaks (M + K)+ for
C15–C16 bacillomycin D at m/z 1083 and 1097 (Figure 2).

Figure 2. Analysis of lipopeptides produced by AK2 and AKIS using HPLC (A) and MALDI-TOF-MS (B,C).
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Among these molecules, all containing the same ion, there was a 14-Da difference in molecular
weight, suggesting the presence of varying lengths of fatty acid chains within bacillomycin D
(CH2 = 14 Da). AK1S, containing double mutation, could produce fengycin, but not bacillomycin D or
surfactin, as confirmed via HPLC analysis, which showed peaks only for fengycin (from 24 to 30 min).
MALDI-TOF-MS confirmed this result. There were molecular ion peaks (M+K)+ for Ala-6-C14–C18

fengycin at m/z 1473, 1487, 1501, 1515, and 1529 (Figure 2). Our results indicated that both fengycin
and bacillomycin D act as fungicidal factors and cause in vitro suppression of F. graminearum growth.
This result coincides with the results of our previous study [13].

2.2. Ultrastructural Changes Caused by Fengycin in F. graminearum Hyphae

To elucidate the mechanism by which fengycin affects F. graminearum hyphal growth, we
observed the morphological variations in fungal mycelia using scanning electron microscopy [14].
The micrographs showed that fengycin triggered a range of abnormalities in F. graminearum hyphae;
fengycin-treated hyphae showed considerable deformation—they were thin and twisted, and some
parts along the hyphal walls were ruptured (Figure 3). On the other hand, the micrographs of the
untreated control demonstrated healthy, dense, and cylindrical hyphae.

Figure 3. Effect of fengycin (90 μg/mL) on F. graminearum hyphae. F. graminearum hyphae were treated
with pure fengycin, and electron micrographs were obtained. The hyphal morphology of F. graminearum
was altered by fengycin; in comparison with the control, several deformed hyphal structures were
observed in the fengycin-treated sample. Arrowheads indicate abnormal morphology of PH-1 hyphae.
Bar: 5 μm.

2.3. Fengycin Reduced F. graminearum Pathogenicity and Mycotoxins Biosynthesis

The results of fengycin application showed that fengycin could markedly reduce F. graminearum
pathogenicity on wheat kernels (Figure 4). As DON is not only an important mycotoxin but also an
essential virulence factor produced by F. graminearum, we further characterized the effect of fengycin
on DON and other mycotoxins, i.e., 3-ADON,15-ADON, and ZEN biosynthesis in F. graminearum.
The sterilized wheat kernels were incubated with F. graminearum and then treated with or without
90 μg/mL purified fengycin, and HPLC–MS analysis was performed to analyze mycotoxins production;
we noted that fengycin could noticeably reduce DON, 3-ADON, 15-ADON, and ZEN biosynthesis.
(Figure 5). Collectively, these results indicate that fengycin could reduce F. graminearum pathogenicity
and mycotoxin biosynthesis.
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Figure 4. Effects of fengycin on pathogenicity of F. graminearum. Wheat heads were drop inoculated
with conidial suspensions of F. graminearum PH-1 and then were treated with 90 μg/mL fengycin.
Conidial suspension with 6.67% (v/v) methanol served as the control.

Figure 5. Effects of fengycin (90μg/mL) on mycotoxins biosynthesis. Amount of DON (A), 15-ADON (B),
3-ADON (C), and ZEN (D) in infected wheat kernels 21 days after inoculation, with or without fengycin.
Statistical analysis was carried out using Statistix 8.0 and subjected to one-way ANOVA with significant
difference detected by Duncan’s multiple range test. Line bars denote standard errors of three replicate
experiments and different letters describe significant differences at p < 0.01 within the same data group.

3. Discussion

Apart from the chemical and conventional methods used for controlling diseases in plants,
biological control is one of the safest and most effective alternative methods. Various microorganisms
have been reported to be effectively used as a part of this method [15]. For example, Bacillus spp. act as
effective antifungal and biocontrol organisms [16–18]. They produce many antifungal compounds,
such as β-1,3-1,4-glucanase, chitinase, and lipopeptides [19–21]; such compounds can reportedly
reduce or demine the activity of various phytopathogenic organisms.
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Based on their structures, cyclic lipopeptides can generally be classified into four major families
or groups: surfactin, iturin, fengycin, and locillomycin [22,23]. Fengycin, which has been isolated from
members of the Bacillus genus, demonstrates strong antifungal activity and inhibits the growth of several
plant pathogens, particularly of many filamentous fungi [4,24]. Likewise, fengycin antagonistically
affected the growth of F. graminearum (FG-PH1) in vitro. B. subtilis has achieved a lot of attention as a
biocontrol agent for manipulating many soil-borne diseases [25]. In this study, fengycin extracted from
B. amyloliquefaciens FZB42 played a vital role in inhibiting growth of pathogenic fungus F. graminearum.
Our studies have demonstrated that fengycin has an adverse effect on the structure of fungal hyphae and
related activity of F. graminearum markedly decreases upon fengycin treatment [19,26–28]. The possible
mechanism for the antifungal activity of fengycin is that it interacts with sterol and phospholipid
molecules in the fungal cell membrane, altering its structure and permeability [29]. Our results, and even
those of some previous studies, suggest that fengycin severely damages the plasma membranes and
cell walls of F. graminearum hyphae and conidia, consequently causing cell death Fengycin influenced
the cell membrane and cellular organs and also inhibited DNA synthesis [30,31]. It can also reportedly
cause cell lysis of M. fructicola [31,32].

Current studies revealed that fengycin influences the pathogenicity of F. graminearum in plants.
Fengycin caused a significant reduction in F. graminearum virulence, relative to the controls; the lengths
of lesions on wheat spikes caused by F. graminearum markedly reduced upon treatment with fengycin.
Similar results were also obtained in our previous studies when corn silk was treated with bacillomycin
D [13].

Sporulation and germination play an important role in the asexual life cycle of F. graminearum and
in spreading of FHB. In this study, fengycin strongly inhibited both the formation and germination
of spores. Fengycin damaged the conidia and inhibited conidial germination; when spores of
F. graminearum were used as inoculum to infect wheat heads, the severity of disease symptoms was
reduced. In addition, considering the adverse effects of fengycin on fungal hyphae, it can inhibit the
infection of corn silk by F. graminearum hyphae, as reported by a previous study [13]. Hence, the use
of microorganisms producing antifungal compounds that inhibit conidial germination and hyphal
growth should be an effective measure for biocontrol of fungal diseases.

Mitogen-activated protein kinase (MAPK) signaling pathways have been well characterized in
F. graminearum [33,34]. Phosphorylation of the MAPKs FgHOG1 and FgMGV1 positively regulates
environmental stress responses and DON biosynthesis [35,36]. Here, we observed that 90 μg/mL
fengycin was enough to decrease mycotoxin biosynthesis in F. graminearum. In contradiction to
former results, fengycin reduced the biosynthesis of secondary metabolites in Fusarium graminearum,
while previous studies showed that the lipopeptides, such as Bacillomycin D and surfactin, induce
significant fumonisin production in F. verticillioides [37]. Moreover, iturins reportedly induce HOG1
activation in V. dahliae [32]. Our results were similar to Kim et al., showing that the B. amyloliquefaciens
JCK-12 has the ability to decrease both fungal growth and mycotoxin production. CLPs successfully
inhibited DON production by affecting DON biosynthetic gene expression [38]. Our results also
showed that the fengycin reduces the F. graminearum pathogenicity, as well as the most important
virulence factor and mycotoxin biosynthesis in Fusarium graminearum. In summary, we report that
fengycin produced by Bacillus amyloliquefaciens FZB42 has potential as a bio-control agent against wheat
pathogen Fusarium graminearum. For future studies, other important derivatives of DON, such as
deepoxy-deoxynivalenol, 3-epi-deoxynivalenol, or deoxynivalenol-3-glucoside, could also be studied
under the influence of fengycin.

4. Materials and Methods

4.1. Bacterial and Fungal Strains Growth Conditions

In this study two previously constructed mutants, AK2 (Cannot synthesize fengycin) and AK1S
(Can synthesize fengycin), from FZB42, were used [13] for activity against F. graminearum PH-1.
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Solidified Luria–Bertani medium was used to culture the mutants [39] and were activated in Landy
medium [40]. Antibiotics ampicillin, chloramphenicol, and erythromycin were added at the following
final concentrations: 100 g/mL, 5 g/mL, and 10 g/mL, respectively. For conidia formation fresh mycelia
of PH-1 (50 mg) was taken from the margin of a 72 h grown colony and inoculated in 20 mL mung bean
liquid medium [13], followed by incubation at 25 ◦C for 4 days in a shaker (180 rpm). A hemocytometer
was used to count the number of conidia in each flask.

4.2. Anti-fungal Activity Assay

Antifungal activities of AK1S, AK2, and their secondary metabolite extracts were analyzed. Briefly,
potato dextrose agar (PDA) was used to measure antifungal activity. A fungal block of 6-mm-diameter
was patched at the middle of a PDA plate; 5 μl bacterial suspension (optical density at 600 nm of 2) or
their secondary metabolite extracts were inoculated 3 cm away from the fungal block, and the plates
were kept at 25 ◦C for 48 h; later, the diameters of the inhibition zones were measured.

4.3. Purification of Fengycin from AK1S and MALDI-TOF-MS Analysis

Fengycin was purified from AK1S as it could only produce fengycin; there was no possibility of
contamination by either surfactin or bacillomycin D. A single colony of AK1S was inoculated into
20 mL LB medium and incubated for 18 h at 37 ◦C. Six milliliters of this culture was then inoculated
in a 500-mL flask containing 200 mL of Landy medium, followed by incubation for 2 days at 30 ◦C.
The sample was then centrifuged at 12,000× g for 20 min at 4 ◦C with Beckman Coulter Avanti J-26S
XP centrifuge with JA-10 rotor (Beckman Coulter Brea, CA, USA) and the supernatant was collected.
The pH of this cell-free extract was adjusted to 2, followed by centrifugation at 12,000× g for 20 min at
4 ◦C. This finally resulted in the precipitation of lipopeptides in the supernatant. Methanol was used
to re-dissolve the precipitate, and the pH was adjusted to 7.0 using 1.0 M NaOH [41]. The supernatant
was then passed through a silica gel column using different ratios of methanol and methylene chloride,
termed MIX1 to MIX3 (methanol/methylene chloride ratios in MIX1, MIX2, and MIX3 were 1:2, 3:1,
and 5:1, respectively). Preparative HPLC was performed for fengycin purification, in which we
used a microbore 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) with a VP 250/21
Nucleodur C18 HTec 5 μm column (Macherey-Nagel, Amtsgericht Düren, Germany); the eluates from
MIX2 and MIX3 were collected and further used as mobile phase A, comprised of Acetonitrile with
0.1% (v/v) trifluoroacetic acid, and Milli-Q water with 0.1% (v/v) trifluoroacetic acid was used as mobile
phase B. A solvent containing 45% mobile phase A and 55% mobile phase B was used at a flow rate
of 8 mL/min for purification. For detection, UV absorption at 207 nm was recorded. The purity of
fengycin collected from different peaks was detected using a 1200 HPLC system (Agilent Technologies,
Santa Clara, CA, USA) with an Agilent Eclipse XDB-C18 5 μm column. Fengycin was confirmed by the
appearance of one large peak at running times between 10 to 40 min. Purity of fengycin was calculated
on the bases of the peak area (96.6%), which was used in our further studies. For antifungal activity of
elution components from different peaks, they were tested and analyzed by MALDI-TOF-MS using
a Bruker Daltonik Reflex MALDI-TOF instrument with a 337-nm nitrogen laser for desorption and
ionization [42]. The α-Cyano-4-hydroxycinnamic acid served as the matrix.

4.4. Scanning Electron Microscopic Observation of Hyphal Morphologies

SEM was used to observe the morphological changes in F. graminearum hyphae caused by fengycin
(90 μg/mL). To observe the fungal hyphae, they were treated with fengycin and 2.5% glutaraldehyde
was used for prefixing. Subsequently, 100 mM phosphate buffer was used to rinse the fixed cells three
times for 10 min; the samples were then post-fixed in 1% osmium tetroxide for 3 h and dehydration
was done by using an ethanol gradient. Later, the samples were coated with gold particles and electron
micrographs were obtained by using a Hitachi Science System Hitachi S-3000N scanning electron
microscope at voltage 20 kV (H-7650, Hitachi, 251 Tokyo, Japan).
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4.5. Plant Infection and Mycotoxin Production Assay

Wheat spikes were used to assess whether fengycin could adversely affect the pathogenicity
of F. graminearum. When wheat reached the anthesis stage, the sixth spikelet from the base of the
spike was pointed and inoculated with 10 μL of conidial suspension (105 conidia/mL) containing
90 μg/mL fengycin. Only 10μl conidial suspension with 6.67% (v/v) methanol was used as the control.
Three wheat spikes were inoculated for each treatment. The wheat plants were kept at 22 ± 2 ◦C and
under 100% humidity for 2 days and then continued in a glass house. Diseased wheat kernels were
examined and counted after 14 days. In order to ascertain the results, the experiment was repeated
three times.

For the mycotoxin production assay, 50 g of healthy wheat spikes (wet weight) were surface
sterilized by washing with 2% sodium hypochlorite and then inoculated with 1 mL of conidial
suspension (106 conidia/mL) containing 90 μg/mL fengycin and 6.67% (v/v) methanol, and incubated at
25 ◦C for 20 days. One milliliter of conidial suspension (106 conidia/mL) with 6.67% (v/v) methanol
served as the control. The experiment was repeated three times with three replicates for each.
Mycotoxin extraction and quantification was performed by MycoSep 225 Trich Push Columns (Romer
Laboratories Diagnostic (Getzersdorf, Austria) according to the manufacturer’s guidelines, avoiding the
grinding of the starting material. The sample extract residue was dissolved in 400mL methanol/water
(30:70). DON was quantified by HPLC according to the protocol followed by [43] with minor
modifications. Separation was performed at room temperature by using a C18 reverse α-phase column
(120 Å, 5 μm particle size, 4.66 × 150 mm, Acclaim) with an isocratic mobile phase of methanol/water
(30:70) at a flow rate of 0.7 mL/min. Eluates were detected using a UV detector set at 220 nm.
For quantification of DON, 3-DON, 15-Don, and ZEN, known amounts of pure standard bought from
sigma were used as internal standards. Different concentrations of pure compound were analyzed by
HPLC, and then the equation depicting the relationship between the concentration and HPLC peak
area was obtained, which correlated the peak area to mycotoxin concentration [43].
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Abstract: Alternaria alternata is a critical phytopathogen that causes foodborne spoilage and produces
a polyketide mycotoxin, alternariol (AOH), and its derivative, alternariol monomethyl ether (AME).
In this study, the inhibitory effects of the essential oil citral on the fungal growth and mycotoxin
production of A. alternata were evaluated. Our findings indicated that 0.25 μL/mL (222.5 μg/mL)
of citral completely suppressed mycelial growth as the minimum inhibitory concentration (MIC).
Moreover, the 1/2MIC of citral could inhibit more than 97% of the mycotoxin amount. Transcriptomic
profiling was performed by comparative RNA-Seq analysis of A. alternata with or without citral
treatment. Out of a total of 1334 differentially expressed genes (DEGs), 621 up-regulated and
713 down-regulated genes were identified under citral stress conditions. Numerous DEGs for cell
survival, involved in ribosome and nucleolus biogenesis, RNA processing and metabolic processes,
and protein processing, were highly expressed in response to citral. However, a number of DEGs
responsible for the metabolism of several carbohydrates and amino acids, sulfate and glutathione
metabolism, the metabolism of xenobiotics and transporter activity were significantly more likely
to be down-regulated. Citral induced the disturbance of cell integrity through the disorder of gene
expression, which was further confirmed by the fact that exposure to citral caused irreversibly
deleterious disruption of fungal spores and the inhibition of ergosterol biosynthesis. Citral perturbed
the balance of oxidative stress, which was likewise verified by a reduction of total antioxidative
capacity. In addition, citral was able to modulate the down-regulation of mycotoxin biosynthetic
genes, including pksI and omtI. The results provide new insights for exploring inhibitory mechanisms
and indicate citral as a potential antifungal and antimytoxigenic alternative for cereal storage.

Keywords: Alternaria alternata; mycotoxin; alternariol; essential oil; cell integrity; oxidative stress

Key Contribution: Citral significantly impaired mycelial growth and mycotoxin biosynthesis in a
positive dose-response relationship. Citral stress caused oxidative imbalance, cell integrity disruption,
transporter repression as well as the down-regulation of AOH and AME biosynthetic genes, such as
pksI and omtI, as evidenced by transcriptomic profiling.

1. Introduction

Alternaria alternata is a widespread phytopathogen, causing serious foodborne spoilage and
producing a variety of mycotoxins that are detrimental to human and animal health through food chains.
Alternaria mycotoxins have gradually been paid more attention in relation to public health, as suggested

Toxins 2019, 11, 553; doi:10.3390/toxins11100553 www.mdpi.com/journal/toxins61
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by the European Food Safety Authority (EFSA) [1]. The major Alternaria mycotoxins are alternariol
(AOH), alternariol monomethyl ether (AME), altenuene, tenuazonic acid, and altertoxins [2,3]. AOH
and AME are two of the most frequent contaminants in food and feedstuffs derived from cereals, fruits
and vegetables [2,4]. AOH and AME exert genotoxicity and mutagenicity as topoisomerase poison
inducing DNA strand breaks [5], and further they are a possible factor in human oesophageal cancer in
China [6,7]. Besides, they possess cytotoxicity as well as reproductive and developmental toxicity [4].
In addition, A. alternata is regarded as a critically common cause of allergic rhinitis and atopic asthma
owing to the production of Alternaria allergens, such as the major allergen, Alt a 1 [8,9].

To date, the AOH and AME biosynthetic pathway has been unraveled, and a polyketide gene
cluster is responsible for their production in the genome of A. alternata [10]. Among the clustered genes,
pksI encoding for polyketide synthase was sufficient for AOH biosynthesis, which was verified by gene
disruption in A. alternata and heterologous expression in Aspergillus oryzae. OmtI encoding for O-methyl
transferase was responsible for AME formation from the methyl ether of AOH. Except for omtI, another
three clustered genes, encoding a mono-oxygenase (moxI), a short-chain dehydrogenase (sdrI) and an
estradiol dioxygenase (doxI), were also involved in AOH modification. In this cluster, a fungal specific
transcriptional factor encoded by aohR positively regulated the expression of other clustered genes.
In addition, pksI homologous gene, SnPKS19, was illustrated to be involved in AOH biosynthesis in
the wheat pathogen Parastagonospora nodorum, and likewise this was further proved by heterologous
expression in A. nidulans [11]. Moreover, AOH and AME demonstrated potential phytotoxic activity
as pathogenicity factors in their study. AOH facilitated the infection and colonization of A. alternata
on tomato, citrus and apple by the addition of AOH to pksI-deletion mutant, but the chemical alone
exhibited no phytotoxin in wheat leaves and seed germination [10,11]. Correspondingly, AME enabled
the inhibition of photosynthetic electron transport in extracted spinach chloroplasts [12].

Essential oils are easily volatile aromatic compounds extracted from plant material, including
terpenes, aldehydes, esters, etc. They are environmentally friendly and are employed as ingredients in
drugs, cosmetics, etc. The components of essential oils, such as citral, cinnamaldehyde, eugenol and
thymol, exhibit strong antifungal properties as well as the inhibition of mycotoxin production [13–15].
Among them, citral has broad-spectrum inhibitory effects against various plant pathogens, including
A. solani [16], Penicillium italicum [17–19], P. expansum [20], A. flavus, Fusarium moniliforme, etc. [21].
Furthermore, citral displayed cytotoxicity against P. italicum by affecting mitochondrial dysfunction,
damaging membranes and inhibiting ergosterol biosynthesis in previous studies [17–19]. Moreover,
the combination of citral and cinnamaldehyde highly suppressed the growth and patulin production
of P. expansum by oxidative damage and down-regulation of the patulin biosynthetic pathway [20]. In
addition to the antifungal activity of A. flavus, citral exerted antiaflatoxigenic activity by modulating
aflatoxin biosynthetic gene expression [22,23].

Citral revealed fungitoxic activity on A. alternata by a paper disc agar diffusion assay, as suggested
by Kishore et al. [21]. However, until now, citral’s mode of action in repressing growth and mycotoxin
production in A. alternata has not yet been elucidated. In this study, the inhibitory effects of citral on
fungal growth and mycotoxin biosynthesis were evaluated in A. alternata. Furthermore, great efforts
were made to uncover the potential mechanisms through a comprehensive and systematical view by
RNA-Seq among samples with or without citral treatment. Our findings offer promising insights into
citral’s application for the control of fungal infection and mycotoxin contamination.

2. Results

2.1. Inhibitory Effects on Mycelial Growth, Spore Germination and Mycotoxin Production

The inhibitory effects of citral against A. alternata are displayed in Figure 1. The mycelial growth
was significantly inhibited in a dose-dependent manner (Figure 1A). The inhibition percentage rose
from 21.3% to 47.5% with the increase in citral concentration from 0.0625 to 0.125 μL/mL (from 55.625
to 111.25 μg/mL). The mycelial growth of A. alternata was completely suppressed at 0.25 μL/mL
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(222.5 μg/mL) as the minimum inhibitory concentration (MIC). Moreover, the minimum fungicidal
concentration (MFC) of citral was determined to be 1.0 μL/mL (890 μg/mL) by the observation of no
mycelial growth on the citral free culture after citral treatment.

Figure 1. Citral affects mycelial weight, spore germination and mycotoxin production of A. alternata.
(A) The mycelial weight of A. alternata was determined after drying under serial concentrations of
citral. Minimum inhibitory concentration (MIC): 0.25 μL/mL (222.5 μg/mL); minimum fungicidal
concentration (MFC): 1.0 μL/mL (890 μg/mL). (B) The germination rate of A. alternata spores exposed
to citral. (C) The determination of mycotoxins, alternariol (AOH) and alternariol monomethyl ether
(AME) produced by A. alternata in response to citral. The results are illustrated as mean ± SEM (n = 3).

Likewise, spore germination was markedly repressed in response to different concentrations
of citral (Figure 1B). The presence of spore germination was almost entirely observed in the control
by light microscopy, while the absence of spore germination was observed at the MIC and MFC of
citral. Therefore, citral revealed outstanding antifungal properties against mycelial growth and spore
germination in A. alternata.

Citral obviously repressed AOH and AME production in A. alternata (Figure 1C). At 1/4MIC
of citral, AOH concentration did not sharply reduce in A. alternata (p = 0.19). However, AOH was
hardly biosynthesized by A. alternata and declined by 98.6% at 1/2MIC. Citral was markedly effective
in resisting against AME production at 1/4MIC and 1/2MIC. The inhibition rates exhibited were 83.3%
and 99.6%, respectively, compared with the control. In connection with mycelial growth, the inhibition
of mycelial growth was not the only cause of the reduction of the mycotoxin amount.

2.2. Global Analysis of Transcriptomic Profile

Comparative transcriptome analysis of A. alternata was performed to systematically discover
the potential antifungal and antimycotoxigenic mechanisms between the control and 1/2MIC citral
treatment. The total statistics of the RNA-Seq data are summarized in Table S1. More than 48 million
clean reads were obtained after removing adaptor sequences, low-quality reads, sequences with 10%
higher ambiguous bases, and over-short sequences. The average rate of total mapped reads was about
87.4% after the alignment with the sequence of the reference genome. The results of the correlation
between biological replicates were higher than 0.96, which was performed by Pearson’s correlation
coefficient based on the expression matrix. Out of 13,761 genes in total, Veen analysis showed that
there were 10,767 transcribed genes in the control and 10,304 expressed genes in the 1/2MIC citral
treatment (Figure 2A,B). It was shown that 627 unique genes were only transcribed in the control,
and 164 genes were solely expressed under the citral condition.
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Figure 2. Summary of RNA-Seq analysis. (A) Statistical scatter diagram of differential gene expression.
Compared to the control of A. alternata with no citral (CC), the pattern of gene expression was indicated
as up-regulation (up), down-regulation (down) and no significant differential expression (nosig) under
the condition of citral treatment (CT). TPM: transcripts per million reads. (B) Venn diagram of the
transcribed genes between citral-treated and untreated samples. (C) Number of differentially expressed
genes (DEGs) in A. alternata exposed to citral stress. Out of 1334 DEGs, 621 genes were highly
up-regulated, and 713 genes were markedly down-regulated.

The analyses of RNA-Seq data involved great efforts to explore the potential differential genes
and pathways in A. alternata under citral stress. Differentially expressed genes (DEGs) were analyzed
and are revealed in Table S2 based on the absolute value of fold change (FC) at ≥2 and false discovery
rate (FDR) at < 0.05. In summary, there were 1334 DEGs found within the two groups of citral-treated
and untreated fungi, with 621 (47%) up-regulated and 713 (53%) down-regulated DEGs compared to
the control (Figure 2A,C).

2.3. Functional Analysis of DEGs

To further characterize the functional differences and relationships of DEGs, they were excavated
by Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses. Based on the significant results of the GO enrichment analysis, there were obvious
differences between GO enrichment analyses separately performed based on the up-regulated or
down-regulated DEGs (Figure 3). The up-regulated DEGs in association with the processes of ribosome
formation and protein processing were highly represented, including rRNA processing and metabolic
processes, ncRNA processing and metabolic processes, RNA processing, preribosome, protein folding
and unfolded protein binding, which are essential for fundamental fungal survival during exposure to
stress. Nevertheless, the down-regulated DEGs were significantly enriched in oxidoreductase activity,
antibiotic metabolic processes, catalytic activity, and transporter activity. The result of gene expression
related with cellular RNA behavior was a little different from P. digitatum in response to citral stress
over a short time [17]. This might reveal that there are some differences in antifungal mechanisms for
different fungal species under long- or short-term chemical treatment.

64



Toxins 2019, 11, 553

Figure 3. Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs). Top 20
results of the highest enrichment level were separately obtained from the analysis of up-regulated DEGs
(A) and down-regulated DEGs (B). ***: false discovery rate (FDR) < 0.001; **: FDR < 0.01; *: FDR < 0.05.

To uncover the metabolic pathway of these DEGs, they were mapped into the KEGG pathway
database. Ribosome biogenesis in eukaryotes and protein processing in endoplasmic reticulum were the
most significant enrichment of pathways in the up-regulated DEGs (Figure 4). However, there were a
large number of categories in relation to carbohydrate metabolism, energy metabolism and xenobiotics
biodegradation, which were highly represented in the down-regulated DEGs. To a certain extent,
a number of fungal processes for primary metabolism, especially carbohydrate and energy metabolism
including glyoxylate and dicarboxylate metabolism, pyruvate metabolism glycolysis/gluconeogenesis
and methane metabolism, were seriously hampered by citral stress. Correspondingly, among these
genes, 11 DEGs were shown to be down-regulated in pyruvate metabolism, and eight DEGs were
inhibited in the glycolysis/gluconeogenesis pathway by citral. In addition, the processes of nitrogen
metabolism and amino acid metabolism were partially repressed under the citral condition.

Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway enrichment analysis
of differentially expressed genes (DEGs). Top 20 results of the highest enrichment level were acquired
from the individual analysis of up-regulated DEGs (A) or down-regulated DEGs (B).

2.4. Genes Responsible for Cell Integrity

Cell integrity is essential for fungal survival when exposed to chemical stress. The fungal
disruption induces the efflux of cytoplasmic constituents. In this study, the permeability of cytoplasmic
constituents was reflected by the leakage of intracellular proteins released from fungal spores of
A. alternata treated with different concentrations of citral (Figure 5A). Protein release was positively
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dose-dependent with citral concentration. At the MFC (1.0 μL/mL; 890 μg/mL) of citral, the released
protein concentration significantly increased up to 101.7 μg/mL. This showed that cell damage was
much more severe in a concentration-dependent way. The permeability was coincident with the
disruption of fungal spores observed by microscopic morphology (Figure 5B). The conidia revealed a
massive distortion of morphological structure and abnormal cell shrinkage under the MIC of citral.
Even worse, there were several completely disrupted spores that occurred in the citral-treated solution.

Figure 5. Permeability and morphological alteration of A. alternata in response to citral. (A) Intracellular
protein leakage of A. alternata spores treated with serial concentrations of citral (n = 3). MIC: minimum
inhibitory concentration; MFC: minimum fungicidal concentration. Significant differences (p < 0.05)
are indicated by different lowercase letters above the bars. (B) Images of fungal spores under the
conditions of 0 and MIC of citral by scanning electron microscopy.

The fungal cell wall firstly senses the pressure of toxic compounds in the external environment
as the outermost defensive line. Two DEGs in relation with cell wall biogenesis and organization
were highly up-regulated 3.162- and 6.321-fold in response to citral (Figure 6). Polysaccharides are
the principal components for cell wall structure. Of seven DEGs responsible for the polysaccharide
catabolic process, except NADP-dependent mannitol dehydrogenase encoding genes, six DEGs were
overexpressed between 2.574- and 4.109-fold under the citral condition. In addition, the conserved cell
wall integrity pathway is affected by the unfolded protein response in filamentous fungi [24]. In this
work, the expression of two genes (CC77DRAFT_1024747 and CC77DRAFT_1028832) involved in the
response to unfolded protein was disturbed under chemical stress.

Figure 6. Comparative expression level of DEGs potentially involved in cell integrity. Gene
transcriptional values are indicated as log2 TPM (transcripts per million reads) for each biological
replicate of A. alternata with (CT) or without (CC) citral treatment. Arrows next to the gene IDs are
used to represent up-regulated (↑) and down-regulated (↓) DEGs.
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In previous studies, essential oils have been proposed to possess antifungal and antimycotoxigenic
potency via the disruption of the plasma membrane as a potential target [25–27]. Ergosterol amount
significantly decreased by 36.6% from 3.3 to 2.1 mg/g in response to citral at 1/2MIC compared
to the control (Figure S1). Correspondingly, two genes encoding a C-3 sterol dehydrogenase/C-4
decarboxylase-like protein (ERG26; CC77DRAFT_590852) and a 3-keto-steroid reductase (ERG27;
CC77DRAFT_76456) were differentially expressed in the pathway of ergosterol biosynthesis. However,
while the ERG26 transcriptional level was lower, ERG27 was more highly transcribed under the stress
condition. Virtually, ERG26 catalysate is the substrate of ERG27. A lower intermediate catalyzed by
ERG26 was supplied for the following catalysis during the process of ergosterol biosynthesis, in spite
of the higher mRNA level of ERG27. This might be the reason why ergosterol production drastically
declined after citral treatment. Glycerophospholipid plays an important role in the component of the
plasma membrane. Glycerophospholipid metabolism was partially interfered with for the differential
expressions of CC77DRAFT_169213 and CC77DRAFT_940733. In addition, fatty acid biosynthesis
contributed to the fluidity of plasma membranes, and seven DEGs for fatty acid metabolic processes
were significantly down-expressed in response to citral, especially two genes of fatty acid synthase
activity (FAS1: CC77DRAFT_928877; FAS2: CC77DRAFT_929241).

2.5. Genes Related to Stress Response

Exposure to citral led to a wide alteration of A. alternata’s transcriptomic profile in association
with stress response. Essential oils can interfere with the homeostasis of oxidative stress and induce
the imbalance of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide (O2

−),
and hydroxyl radical (·OH), during the inhibition of mycotoxin-producing fungi [20,28,29]. Total
antioxidant capacity (T-AOC) indeed mirrors the level of ROS balance. In this study, the T-AOC of
A. alternata was reflected by the ferric reducing ability of the Ferric Reducing Ability of Plasma (FRAP)
method and significantly reduced from 0.23 to 0.14 mmol/g with the increase in citral concentration
(Figure 7A). This reduction could result from the decreasing content of antioxidant materials scavenging
ROS. This might lead to ROS instability and, eventually, the damage of cell structure and secondary
metabolism. This was the possible cause of cell debris and the mycotoxin reduction of A. alternata
suppressed by citral.

Figure 7. Total antioxidant capacity (A) and catalase activity (B) of A. alternata exposed to 0 and 1/2MIC
(minimum inhibitory concentration) of citral. The data are expressed as the mean ± SEM (n = 3).
Different lowercase letters above the column indicate statistically significant results (p < 0.05).

Both enzymatic and non-enzymatic systems are developed for maintaining ROS balance, including
cellular detoxifying enzymes and reducing substances. Catalase can catalyze H2O2 to detoxify ROS
stress. Two isozymes of catalase (CC77DRAFT_364732 and CC77DRAFT_1013212) were significantly
down-regulated. Correspondingly, the activity of catalase decreased by 36.9% compared to the control
(Figure 7B). In addition, peroxisomes exhibit multifunctional activities, including the decomposition of
ROS [30,31]. In this work, seven DEGs responsible for peroxisome biogenesis were less transcribed
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under the citral condition (Figure 8). This probably resulted in the dysfunction of peroxisome, which
was detrimental to the survival of A. alternata. Glutathione metabolism responsible for oxidative balance
was enriched in down-regulated DEGs from KEGG analysis. Glutathione S-transferase, belonging to the
glutathione system, catalyzes the conjugation between glutathione and many xenobiotic compounds
for the reduction of their toxicity [32]. They were down-regulated in A. alternata in response to citral,
including CC77DRAFT_36175, CC77DRAFT_1015047, and CC77DRAFT_1026574. Additionally, DEGs
of oxidoreductase activity might be likewise vital to supply reducing power to protect from the damage
of ROS accumulation, but they were significantly enriched in down-regulated DEGs. Moreover,
sulfur metabolism, including sulfate assimilation and sulfate reduction, plays practical roles in stress
tolerance [33,34]. Sulfur-containing defense compounds, including sulfide, glutathione, and various
secondary metabolites, as well as sulfur-rich proteins, are crucial for fungal survival under abiotic
stress [33,35]. The transcripts of eight DEGs in relation to sulfur metabolism were all repressed by
citral in A. alternata. In connection with the results of T-AOC and catalase activity, fungal cells could
not remove the accumulation of ROS in a timely manner after citral treatment. This might give rise
to the sharp violation of ROS balance, and the disorder of oxidative stress eventually resulted in the
disruption of cell structure and the disturbance of mycotoxin biosynthesis.

Figure 8. Comparative expression level of DEGs putatively responsible for stress response. Gene
expression values are expressed as log2 TPM (transcripts per million reads). Arrows represent
up-regulated (↑) and down-regulated (↓) DEGs.

There are some other defense systems that resist against abiotic stress, such as multidrug
resistance [17]. Drug metabolic processes, including antibiotic metabolic processes, may assist in
multidrug resistance. The results of GO enrichment demonstrated that these processes were partially
impaired by citral. Furthermore, transporters, especially ATP-binding cassette (ABC) transporter
and major facilitator superfamily (MFS) transporter, play an important role in the efflux capacity of
xenobiotic compounds [36]. Correspondingly, putative multidrug resistance of transporter activity
was notably inhibited by the essential oil, which was unfavorable to alleviate the stress in A. alternata.

2.6. Citral Interferes with the Expression of Genes Responsible for Mycotoxin Biosynthesis

The biosynthetic gene cluster responsible for AOH and AME biosynthesis has been elucidated [10].
It was sufficient for AOH formation by pksI (CC77DRAFT_545549) in A. alternata [10,11]. AME is the
product of AOH methylation catalyzed by an omtI (CC77DRAFT_1028551) encoding methyl-transferase.

68



Toxins 2019, 11, 553

Another three enzymes (moxI, sdrI and doxI) were also involved in AOH modification. Additionally,
a GAL4-like Zn(II)2Cys6 transcription factor expressed by aohR (CC77DRAFT_1028550) in the pksI-gene
cluster modulated the transcriptional enhancement of the clustered synthase genes. The expression of
four clustered genes (pksI, omtI, sdrI and doxI) showed down-regulation, as observed from RNA-Seq
data, in the citral treatment (Figure 9A). To validate the analyses from RNA-Seq data, three clustered
genes (pksI, omtI and aohR) directly involved in AOH and AME biosynthesis and regulation were chosen
to be employed for quantitative reverse transcription PCR (qRT-PCR) analysis. The results of these
gene expression patterns were similar to the outcomes of transcriptomic analysis (Figure 9A,B). This
further demonstrated that citral could modulate the down-regulation of biosynthetic genes, including
pksI and omtI.

Figure 9. Transcriptional analysis of the clustered genes involved in AOH and AME production.
(A) Table showing the results of gene expression from the analysis of RNA-Seq. a FC: fold change;
b N.C.: no significant change in gene expression level. (B) Comparative analysis of gene expression by
quantitative reverse transcription PCR (qRT-PCR). PksI, omtI and aohR were directly responsible for
AOH and AME biosynthesis and regulation in A. alternata. The data are presented as the mean ± SEM
(n = 3). MIC: minimum inhibitory concentration.

3. Discussion

A. alternata is an important phytopathogen, causing agricultural output losses and playing a
tremendous role in food and feed safety due to the production of mycotoxins. Of these mycotoxins,
AOH and AME were shown to be two of the most frequently contaminated mycotoxins [2,3]. To manage
this contamination, essential oils have been shown to be environmentally friendly alternatives to
common antifungal agents, especially in consideration of postharvest contamination of food and feed
with Alternaria mycotoxins. Citral has been shown to be brilliant in suppressing fungal infection and
mycotoxin contamination in P. expansum [20], A. ochraceus [37] and Fusaria [38]. Among them, the
potential antifungal and antimycotoxigenic mechanisms were illustrated via transcriptomic profiling
in the inhibition of P. expansum by the combination of cinnamaldehyde and citral [20]. Nevertheless,
the distinction of these two essential oils and the exact action mode of citral alone was still not clearly
known in resisting against P. expansum. Additionally, essential oil, to a great extent, played different
roles in cellular response in various fungal species in previous studies [14]. Therefore, the inhibitory
effects and mechanisms of citral suppressing the growth and mycotoxin production of A. alternata were
uncovered in this study.

Citral exerted highly inhibitory effects on the mycelial growth and mycotoxin production of
A. alternata. The antifungal efficiency was similar to that of cinnamaldehyde described by Xu et al. [25].
Citral has broad-spectrum antifungal activity, and it was much more effective than eugenol, geraniol,
limonene and linalool, impairing A. alternata as well as A. niger, A. flavus, F. moniliforme, etc. [21]. Citral
exhibited strong fungicide capacity by disrupting cell structure as shown by comparative microscope
analysis with or without chemical stress. This antifungal finding can be regarded as similar to former
reports on a number of essential oils such as cinnamaldehyde [25,39], eugenol [40], and thymol [41]. In
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addition, fungicidal activity was further demonstrated by the inhibition of spore germination. This
result was consistent with that of Nepeta rtanjensis essential oil, which suppressed the elongation of the
germ tube and spore germination, observed by light microscopy, as the concentration increased [42,43].
The sharp enhancement of fungal cell permeability was reflected by the abnormal and massive spillage
of intracellular soluble proteins from macromolecular cytoplasmic components owing to cell damage
by citral. In previous studies, intracellular reducing sugar and protein influenced the cell lysis rate by
(E)-2-hexenal on A. flavus [44] or 7-demethoxytylophorine on P. italicum [45]. Accordingly, citral caused
spore lysis in a dose-dependent manner from the result of released soluble protein in our study.

Fungal cell integrity is essential to adapt to the stress response caused by toxic compounds.
The lipophilic terpenoid intrudes into plasma membranes and causes the disturbance of membrane
integrity. Ergosterol is the major component of structural sterols, especially in the fungal cell membrane.
The disorder of ergosterol may lead to much more fragility in response to stress, while the marked
reduction of ergosterol could result from citral treatment in this work. The disruption of plasma
membranes makes fungal cells so much more vulnerable as citral disturbs the exchange of substantial
and energy metabolism via plasma membranes. This could be the mechanism of the cytotoxicity of
citral against A. alternata. In combination with the result of scanning electron microscopy, exposure
to the MIC of citral led to seriously deleterious damage to the cell plasma membrane. Furthermore,
it would be necessary to carry out further studies to understand the actual relationship between the
disruption of plasma membranes and the inhibition of mycotoxin production. Moreover, fatty acid
biosynthesis also influences the membrane fluidity and rigidity. Correspondingly, the expression
pattern of DEGs involved in the fatty acid biosynthesis pathway was significantly impaired by citral.
In a previous study, the other monoterpene, d-limonene, induced cytotoxicity on the alteration of the
cell wall as the main target but not on the plasma membrane in Saccharomyces cerevisiae [46]. However,
another monoterpene, α-terpinene, displayed strong antagonistic activity against S. cerevisiae and
the overexpression of numerous genes in relation to the cell wall and also membrane biogenesis [47].
In our study, the considerable alteration of the cell surface and membrane was eventually revealed by
the results of ergosterol content, shrunken and wrinkled cell surfaces and RNA-Seq data under the
citral stress in this report.

Fungal oxidative damage has been considered as an essential factor for the antifungal and
antimycotoxigenic properties of essential oils [20,28,29]. ROS are inevitably produced by essential oils
in response to stress, which can react with intracellular components and lead to chemical damage,
such as lipid peroxidation, protein oxidation, etc. Overaccumulation of ROS can eventually cause
defective cells and even lethal cells. On the other hand, fungal antioxidative defense systems of
ROS stress have been evolved to detoxify ROS, including enzymatic systems, such as catalases and
superoxide dismutases, and also non-enzymatic systems, such as glutathione and thioredoxin [32].
ROS exert multiple roles as signaling molecules for fungal growth, development, biosynthesis of
secondary metabolites and other cell processes. Consequently, the maintenance of ROS level is critical
to the survival of the fungal life cycle. In this work, the total antioxidative capacity of A. alternata
exposed to citral was markedly reduced. Correspondingly, ROS could accumulate and this could
be detrimental to fungal survival under the citral condition. In addition, catalase activity was also
demonstrated to be lower after citral treatment through an enzyme activity assay and RNA-Seq data.
This would imply that hydrogen peroxide, the substrate of catalase, could be difficult to scavenge
in time. These results demonstrated that the balance of ROS level was disturbed after the exposure
to citral. In recent studies, similar observations revealed that the antifungal and antimycotoxigenic
characteristics of essential oils were highly connected with the induction of ROS formation [28,29,48].
For instance, the inhibitory effects of cinnamaldehyde against mycelia growth and aflatoxin B1 could be
attributed to the perturbation of redox status [28]. Enriched analysis of DEGs also demonstrated that
oxidoreductase activity, glutathione metabolism and sulfur metabolism were overall down-regulated in
A. alternata in response to citral stress. These cellular processes were closely related to ROS maintenance.
Nevertheless, the abnormality of these cellular processes was unfavorable to the survival of A. alternata
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exposed to citral. Interestingly, siderophore was demonstrated to be resistant against oxidative
stress [49]. A nonribosomal peptide synthetase encoding gene (AaNPS6), involved in siderophore
biosynthesis [50], was highly regulated after citral treatment. However, the increase seemed to be
inadequate to alleviate the accumulation of oxidative stress and fungal damage in this study, as
evidenced by shrunken and wrinkled cell surfaces and the reduction of total antioxidative capacity.
On the other hand, the alteration of carbon flow on the biosynthesis of secondary metabolites might be
the reason for the marked reduction of AOH and AME. In addition, multidrug resistance facilitates
fungal defense against xenobiotic stress. Except for potential drug metabolic processes, fungal ABC
and MFS transporter proteins are essential for the efflux of toxic compounds for antifungal drug
resistance [36,51]. A number of these functional genes in association with cellular multidrug resistance
were down-regulated by citral. This reduction tended to be harmful to fungal survival with exposure
to citral.

In this study, it was demonstrated that the repression of biomass was not the only cause of the
reduction of AOH and AME production. This could be likewise attributed to the obstacle of mycotoxin
biosynthetic genes under the citral condition. PksI and omtI, involved in mycotoxin biosynthesis,
were less transcribed, while the expression of aohR encoding a specific transcriptional factor showed a
slight decrease but no significant change under citral stress. PksI was sufficient for AOH formation in
A. alternata, which was further confirmed by heterougous expression in A. oryzae [10]. In addition,
omtI encoded a methyl-transferase, catalyzing the transformation from AOH to AME. Mycotoxin
production could be significantly reduced by down-regulating the transcriptional level of the two
enzymatic genes in this work. Similar results of gene expression were observed in the mycotoxin
biosynthetic pathway after essential oil treatment. AcOTApks and acOTAnrps, directly responsible for
ochratoxin A (OTA) biosynthesis, were obviously down-regulated by essential oils such as fennel and
cardamom, even though they did not affect the growth of A. carbonarius S402 [52]. However, a recent
study demonstrated that both the mycelial growth and transcriptional level of pks and nrps involved in
OTA production were down-regulated in A. ochraceus fc-1 in response to cinnamaldehyde [39]. This
reveals that there exist different inhibitory mechanisms of essential oils suppressing fungal growth and
mycotoxin production. Another similar study was conducted, in which the expression of aflatoxin
biosynthetic genes, such as aflD, aflM, aflO, aflP, and aflQ, was suppressed by turmeric essential oil [53].
Interestingly, one transcriptional regulator gene, aflR, in the aflatoxin biosynthetic gene cluster was
significantly inhibited, while the other regulation enhancer, aflS, was observed to have no obvious
changes, like aohR, in terms of transcriptional level. The expressions of nor-1 (aflD), ver-1 (aflM) and
omt-A (aflP) were likewise repressed in toxigenic A. parasiticus exposed to Zataria multiflora Boiss
essential oil [54,55].

In conclusion, the antifungal and antimycotoxigenic mechanisms of citral on the growth and
mycotoxin production of A. alternata were unraveled in this study. Citral caused irreversible damage to
the spore ultrastructure. In addition, citral was able to disturb oxidative balance, disrupt cell integrity,
repress transporter activity and down-regulate biosynthetic genes of AOH and AME, including pksI
and omtI. Additionally, citral, as well as other essential oils like cinnamaldehyde, eugenol, thymol,
etc. has been generally recognized as safe and registered for food flavoring in the European Union,
regarded as having no toxicity and preservative potential [15,56]. However, citral was also indicated
as a contact irritant and a contact allergen. Therefore, it is more applicable for unprocessed food raw
materials, such as cereal storage. Besides, there is the great challenge of its strong fragrance even
at relatively low concentrations. Encapsulation could potentially provide a novel strategy for its
usage to minimize the organoleptic impact, especially nanoencapsulation. In general, in view of its
environmental friendliness and highly fungicidal characteristics, citral may be a potentially promising
alternative as a chemical fungicide for cereal storage.
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4. Materials and Methods

4.1. Chemicals, Strain and Culture Conditions

Mycotoxin standards of AOH and AME were purchased from Romer Labs (Newark, DE, USA).
Ergosterol was obtained from Sigma-Aldrich (St. Louis, MO, USA). Citral was obtained from Jiangxi
Xuesong Natural Medicinal Oil Co. LTD (Jiangxi, China).

A. alternata ATCC 66981 was acquired from American Type Culture Collection and cultured on
Potato Dextrose Agar (PDA) for 6 days at 25 ◦C. The spores were washed with 0.1% (v/v) Tween-80
and adjusted to 1 × 105 spores/mL using a haemocytometer for the following culture.

4.2. Antifungal Effects of Citral on Mycelial Growth and Spore Germination

The inhibitory effects of citral were determined by the serial twice dilution method in Potato
Dextrose Broth (PDB) medium. The citral was dissolved in ethanol, and then the solution was saved
as the stock. The stock solution was diluted to the final concentrations of 0, 0.0625, 0.125, 0.25, 0.5
and 1.0 μL/mL (0, 55.625, 111.25, 222.5, 445 and 890 μg/mL). Quantities of 1 mL of the A. alternata
spores were inoculated into the medium with the serial concentrations of citral. The strain was then
cultured for 6 days at 25 ◦C, 180 r/min for mycelial weight measurement. The MIC was regarded as the
minimum concentration with no mycelium growth of A. alternata. An amount of 200 μL of the culture
with no mycelia growth was spread onto citral-free PDA and cultured for 6 days at 25 ◦C. The MFC
was determined as the minimum concentration without any mycelium growth on PDA. The fermented
mycelium was collected and washed with sterile water to completely remove the medium residues.
The mycelia were dried individually by vacuum freeze drying and then weighed.

The trials of fungal spore germination were performed according to a previous method [42,53] with
minor modification. The spores were collected and resuspended in sterile double distilled water, and
the concentration was adjusted to 1 × 105 spores/mL. One-milliliter aliquots of the spores were mixed
with the liquid PDA medium at 45 ◦C incubation, where citral was added to the final concentrations
as described above. The mixture was spread quickly and solidified on Petri dishes. Subsequently,
the spores were incubated in the dark at 25 ◦C. After 24 h of culture, the germinating spores were
terminated and dyed with lactophenol cotton blue. The spore germination was judged by the rule
that the length of the germ tube must be at least half of the spore diameter, as described by Grbić et
al. [42]. At least 200 spores, whether germinated or not, were randomly counted and estimated. Finally,
the rates of spore germination were individually calculated.

4.3. Determination of Mycotoxin Production

The supernatant of the fermented fungus treated with 0, 1/4MIC and 1/2MIC of citral was separately
collected and taken for the mycotoxin measurement. Four milliliters of the acetonitrile were added into
1 mL of the supernatant and mixed thoroughly with a vortex shaker. The mixture was evaporated to
dryness by a gentle nitrogen stream at 50 ◦C. The residue was resolved with 1 mL of acetonitrile–water
(30:70, v/v) and then filtered into a vial with polytetrafluoroethylene (PTFE) membrane. From the
vial, 20 μL was injected and assayed by a HPLC-UV/FLD system (Agilent Technologies, Santa Clara,
CA, USA) comprising a UV/Visible Detector (258 nm) and FLD Detector (excitation wavelength, 328
nm; emission wavelength, 405 nm), using a reversed phase TC-C18 column (5 μm, 4.6 mm × 250 mm,
Agilent, Santa Clara, CA, USA). The column temperature was set at 35 ◦C, and the flow rate was 1.5
mL/min. The mobile phase was double distilled water and acetonitrile containing 1 mM of oxalic
acid. The mycotoxins, AOH and AME, were separated by the mobile phase with a gradient elution
rising linearly from 20% to 70% acetonitrile for 15 min at the beginning, maintaining 70% acetonitrile
for 1 min, then decreasing to the former 20% acetonitrile for 1.5 min, and finally maintaining 20%
acetonitrile for 4.5 min. The mycotoxin concentrations were finally confirmed with UPLC-MS (TQ-S,
Waters Micromass, Manchester, UK) under the guidance of Wang et al. [57].
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4.4. Transcriptome Analysis

The spore suspensions of A. alternata (1 × 105 spores/mL) were separately inoculated in PDB with
or without 1/2MIC of citral. They were cultured in a shaker incubator at 25 ◦C, 180 r/min for 6 days.
Mycelia were subsequently collected for the transcriptome analysis. RNA extraction, cDNA library
construction, RNA-Seq and the following analysis was performed by ShangHai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China). Total RNA was extracted by TRIzol reagent (Invitrogen,
Life Technologies, Carlsbad, CA, USA) [58]. The mRNA of each sample was enriched by oligo (dT)
magnetic beads and then fragmented into the fragmentation buffer. First-strand cDNA was obtained
by reverse transcriptase using random hexamers, and then both cDNA strands were synthesized. The
purity and concentration of each RNA sample were detected by a NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). The integrity of RNA was calculated by 1% agarose gel electrophoresis,
and the value of RNA Integrity Number (RIN) was determined by an Agilent 2100 Bioanalyzer using an
RNA 6000 Nano kit (Agilent Technologies, Santa Clara, CA, USA). The cDNA library was constructed
by the Illumina TruseqTM RNA Sample Preparation kit and sequenced (2 × 150 bp read length) by
Illumina HiSeq4000 platforms (San Diego, CA, USA).

The clean data were obtained by removing adaptor sequences, low-quality reads, sequences
with 10% higher N rate (N: ambiguous bases information), and over-short sequences of the length
from the raw sequenced reads. The clean reads were mapped to the reference genome of A. alternata
SRC1lrK2f(GCA_001642055) (http://fungi.ensembl.org/Alternaria_alternata_gca_001642055/Info/Index)
by the software of Hisat2 [59]. The mapped reads were assembled by StringTie [60,61].

The sequence annotation was analyzed by DIAMOND software [62], searching against the NCBI
non-redundant (NR) protein database, Swiss-Prot, and EggNOG database. The classification of GO
terms was carried out by BLAST2GO [63]. The protein family was annotated by HMMER3 [64],
searching the hidden Markov model (HMM) of the established protein domain against the Pfam
database. KEGG pathway annotation was performed by KOBAS 2.1 [65] against the KEGG database.

The read counts were quantified by RSEM software in terms of transcripts per million reads
(TPM) [66]. The DEGs were analyzed by DESeq2 [67] and considered as statistical significance of
gene expression differences at FDR < 0.05 and the absolute value of Log2 FC ≥1. GO enrichment was
analyzed in terms of DEGs by Goatools at FDR < 0.05 [68]. The KEGG pathway enrichment analysis of
the transcript was conducted by KOBAS 2.1 [65] with respect to DEGs by FDR < 0.05.

4.5. Detection of Fungal Ergosterol Content

The fungal ergosterol was extracted and quantified by the minor modified method, under the
reference described by Bomfi et al. [26]. Each fungal sample treated with 0 or 1/2MIC of citral was
separately homogenized with a glass pestle and completely washed into the solution containing 20 mL
of methanol, 5 mL of ethanol and 2.0 g KOH. This was rotated at 25 ◦C, 250 r/min for 20 min and then
incubated for 40 min at 70 ◦C. Then, this solution was cooled and mixed with 5 mL deionized water. Two
milliliters of the supernatant were collected by centrifuging at 10,000 r/min for 10 min. The ergosterol
was extracted using an equal volume of n-hexane. The organic phase was evaporated at 50 ◦C using
nitrogen flushing and resolved in methanol. The ergosterol was detected at 282 nm, at the flow rate of
1.5 mL/min, for 15 min using 100% acetonitrile as a mobile phase by a 1260 infinity HPLC-UV system
(Agilent Technologies, Santa Clara, CA, USA) after filtration with 0.2 μm polytetrafluoroethylene
(PTFE) membrane. The injection volume was 50 μL, and the HPLC separation was performed with
a TC-C18 column with a 5 μm particle size (4.6 mm × 250 mm, Agilent, Santa Clara, CA, USA). The
ergosterol content was expressed by dividing the fungal mycelia weight of A. alternata.

4.6. Release of Intracellular Protein

The release of the intracellular soluble protein from A. alternata spores was assayed according
to the method of Chen et al. [45] with some modification. The spores of A. alternata were collected
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from 6 days culture and washed thrice with sterile double distilled water. The concentration of the
released protein was determined after removing the fungal spores and cell debris of A. alternata. The
spores were centrifuged and then resuspended at the final concentration of 1 × 105 spores/mL in 0.01 M
of sterile phosphate buffered solution (PBS, pH 7.2–7.4, Solarbio Life Sciences Inc., Beijing, China)
containing different concentrations of citral (0, 1/4MIC, 1/2MIC, MIC and MFC) for 24 h. The leaked
protein was determined by bicinchoninic acid (BCA) reagent using a BCA Protein Assay Kit (Solarbio,
Beijing, China) and quantified by an EnVision Multilabel Reader (PerkinElmer, Boston, MA, USA)
using Bovine Serum Albumin (BSA) as the protein standard.

4.7. Scanning Electron Microscopy Analysis

For the microscopic morphology observation, the spores were treated in the medium with or
without the MIC of citral. The spores were collected and washed twice with 0.1 M of PBS. Subsequently,
they were fixed in 2.5% glutaraldehyde overnight. On the second day, they were centrifuged and
washed twice with 0.1 M of PBS. The samples were dehydrated by serial ethanol solutions (30%, 50%,
70%, 80%, 90%) for a period of 15 min. Then, the samples were washed twice in absolute ethanol for
20 min and placed in tertiary butanol twice to completely replace ethanol for 30 min. They were dried
through vacuum freeze drying. The samples were mounted on a stub and coated with gold. Finally,
the micromorphology observation was individually calculated by Hitachi S-3400 scanning electron
microscope at 5 kV accelerating voltage (Tokyo, Japan).

4.8. Analysis of Total Antioxidant Capacity and Catalase Activity

The mycelia of A. alternata treated with diverse concentrations of citral (0 or 1/2MIC) were collected
and washed three times with sterile distilled water. The samples were dried in a vacuum and ground
thoroughly using liquid nitrogen. They were separately resuspended in equal volumes of 0.01 M PBS.
They were centrifuged, and the supernatants were used for the determination of total antioxidant
capacity and catalase activity. The comparison of total antioxidant capacity and catalase activity was
calibrated by the protein concentration of each sample. The protein concentration was assayed by
a BCA Protein Assay Kit (Solarbio, Beijing, China). All the assays were conducted on an EnVision
Multilabel Reader (PerkinElmer, Boston, MA, USA). All the measurements were carried out in triplicate.

Total antioxidant capacity was determined by the T-AOC Assay Kit (Beyotime, Shanghai, China)
with the FRAP method. The standard curve was calculated using various concentrations of FeSO4

(0, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0 mM). For the FRAP method, the total antioxidant capacity was expressed
by the concentration of FeSO4 standard solution.

Catalase activity was analyzed by a catalase Assay Kit (Beyotime, Shanghai, China). The supplied
H2O2 in the kit was diluted 100 times, and then the absorbance was detected at 240 nm. The actual
concentration (mM) was calculated by the formula of 22.94 × A240nm following the instructions of the
kit. The standard curve was measured using the actual various concentrations of H2O2 (0, 0.625, 1.25,
2.5, 3.75, 5.0 mM). One unit of enzyme activity (1 U) was determined to catalyze the decomposition of
1 μmol of H2O2 in 1 minute at 25 ◦C, pH 7.0.

4.9. Transcriptional Validation of Biosynthetic Genes Involved in Mycotoxin Production

Total RNA was separately extracted from the treated samples for the following qRT-PCR analysis
by an EasyPure Plant RNA Kit (TransGen Biotech, Beijing, China). During the process, the DNA
residue was digested by RNase-free DNase I. Total RNA was quantified using a Merinton SMA4000
UV-VIS Spectrophotometer (Ann Arbor, MI, U.S.A) and equally adjusted. The cDNA template was
separately synthesized by reverse transcription using the kit of TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix (TransGen Biotech Inc., Beijing, China). The 20 μL quantity of reaction
mixture included 10 μL of 2× SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA),
8.4 μL of double distilled water, 0.6 μL of primer pair (each primer, 10 μM), and 1.0 μL of cDNA as a
template. The primers were designed by Primer Premier 6 software based on the sequences of gene
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transcripts in A. alternata (Table S3). The qRT-PCR was then performed by StepOne Plus Real-time PCR
systems (Applied Biosystems, Foster City, CA, USA). The relative transcriptional level was separately
determined by the 2−ΔΔt method.

4.10. Statistical Analyses

All the results were calculated as the mean ± SEM for at least triplicates. The mean differences of
the data were compared by analysis of variance (ANOVA) using Tukey’s post hoc test, following the
significance at p < 0.05 by IBM SPSS statistics 23.0 (IBM Inc., Armonk, NY, USA). The corresponding
figures were processed by GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/10/553/s1,
Figure S1: Ergosterol content of A. alternata in response to different concentrations of citral, Table S1: Statistics of
RNA-Seq data from A. alternata, Table S2: Identification and functional analysis of gene expression in A. alternata,
Table S3: Primer sequences designed for quantitative reverse transcription PCR (qRT-PCR) in A. alternata.
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Abstract: Citrullus colocynthis L. Schrader is an annual plant belonging to the Cucurbitaceae family,
widely distributed in the desert areas of the Mediterranean basin. Many pharmacological properties
(anti-inflammatory, anti-diabetic, analgesic, anti-epileptic) are ascribed to different organs of this
plant; extracts and derivatives of C. colocynthis are used in folk Berber medicine for the treatment
of numerous diseases—such as rheumatism arthritis, hypertension bronchitis, mastitis, and even
cancer. Clinical studies aimed at confirming the chemical and biological bases of pharmacological
activity assigned to many plant/herb extracts used in folk medicine often rely on results obtained
from laboratory preliminary tests. We investigated the biological activity of some C. colocynthis stem,
leaf, and root extracts on the mycotoxigenic and phytopathogenic fungus Aspergillus flavus, testing
a possible correlation between the inhibitory effect on aflatoxin biosynthesis, the phytochemical
composition of extracts, and their in vitro antioxidant capacities.

Keywords: antimycotoxigenic activity; Citrullus colocynthis; Aspergillus flavus; model system;
HPLC-MS/MS

1. Introduction

Oxidation is considered an underlying mechanism in the incidence of chronic diseases: Reactive
oxygen species (ROS) such as superoxide anions, hydroxyl radicals, and hydrogen peroxide are cytotoxic,
leading to tissue injuries. As in a “domino effect”, oxidative stress resulting from the imbalance between
the generation of reactive oxygen species and endogenous antioxidant systems induces inadvertent
enzyme activation and consequent oxidative damage to cellular systems [1]. It is widely reported
that cellular oxidative damage is responsible for numerous disorders, such as cardiovascular [2],
Alzheimer’s [3], and Parkinson’s disease [4]—as well as ulcerative colitis [5], atherosclerosis [6],
and cancer [7]. A key defense mechanism against radical mediated toxicity is represented by
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antioxidants, which protect cells from the damage caused by free radicals [8]. Consequently, during the
last thirty years, several antioxidant-based formulations for the prevention and treatment of complex
diseases have been developed [9–11]. Among these antioxidant formulations, a high number of
plant-derived drugs, widely used for ethnopharmaceutical preparations, have been applied as “natural”
principles included in modern medical applications [12,13]. Accordingly, interest in botanicals as
a source of bioactive compounds has increased worldwide, and the finding of new biologically
remarkable natural compounds affects not only the pharmaceutical field, but the nutraceutical and
cosmeceutical fields too [14–17]. Clinical studies aimed at confirming the scientific bases (chemical and
biological) of pharmacological activity of many plants used in folk medicine often rely on the results
obtained from preliminary laboratory tests. For example, the antioxidant properties of plant extracts are
typically evaluated through in vitro analyses, such as DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate)
and ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate)] assays [18], and to date, the number
of in vitro studies far exceeds the number of in vivo studies, remaining the most cost effective and
predominant type of research investigations performed. In fact, factors including costs, interspecific
differences that preclude the adequate predictive value of the experiments, feasibility of testing
procedures, and ethical concerns generally limit the utilization of animal models and human subjects
for this kind of research [19]. The possibility of using high-throughput small-scale in vivo or ex
vivo model systems to predict a possible antioxidant biological activity of plant extracts before their
medical application is therefore desirable. Eukaryotic microorganisms, though few, have sometimes
been selected for this purpose: For example, the yeast Saccharomyces cerevisiae has been employed to
determine the antioxidant activity of different berry juices, which reportedly contain high amounts of
phenolics [20].

Aspergillus flavus, a saprophytic plant pathogen, is the predominant species producing aflatoxins
(AFs). Among multiple events that contribute to aflatoxin production, those involving ROS
accumulation—such as during morphological and metabolic transitions—and the establishment of
an oxidative intracellular environment seem to possess a key role in triggering AF biosynthesis.
This correlation has been supported by the identification of at least one transcription factor,
which responds to the cellular oxidative stress by activating a series of enzymes responsible for
the scavenging of cytoplasmic ROS excess [21–23]. Conversely, many compounds with antioxidant
properties (such as ascorbate, eugenol, ethylene, methyl jasmonate, and α-lipoic acid) showed to exert
an inhibition/containment effect on AF biosynthesis [24–27], mainly through the stimulation of catalase,
superoxide dismutase, and glutathione peroxidase activity [28]. An inhibitory effect on AF biosynthetic
pathway and A. flavus growth has been recently reported for a wide number of botanicals and essential
oils [29–31]. Since the response of aflatoxin metabolism to redox balance alterations is well known,
as they are considered a sort of “defense molecule” synthesized to cope with an excess of ROS in the
late phase of growth [22,23], we proposed this airborne microorganism as a model system to screen the
antioxidant potential of plant extracts.

Here we analyzed the effect of organic extracts of Citrullus colocynthis L. Schrader, an annual plant
belonging to the Cucurbitaceae family which grows in arid and semi-arid regions, on AF biosynthesis
and A. flavus growth. Native to tropical Asia and Africa, C. colocynthis is is now widely distributed
in the desert areas of the Mediterranean basin (in Italy the only known population is located in
the Aeolian island of Vulcano). Many pharmacological properties (anti-inflammatory, anti-diabetic,
analgesic, anti-epileptic) are ascribed to different organs of this plant [32–35]: Extracts and derivatives
of C. colocynthis are used in folk Berber medicine for the treatment of numerous diseases; the root is
used for arthritic pain, breast inflammation, ophthalmia, and uterine pain; and the leaves are used for
treatment of cough, many tumors, and as a cholagogue [36]. Recently, antifungal and antibacterial
activities of organic extracts from leaves and seeds were reported [37–39]. However, despite various
studies on the medical use of C. colocynthis derivatives, information about its antimycotoxigenic
potential are still scarce. The aim of this work is to evaluate the antiaflatoxigenic effect of organic
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extracts of C. colocynthis stem, leaf, and root through the use of A. flavus as a model system, comparing
their effect on the basis of phytochemical composition.

2. Results and Discussion

2.1. Phytochemical Characterization of C. colocynthis Extracts

Several studies reported a high in vitro antioxidant potential of organic C. colocynthis extracts
obtained from various tissues, due to their polyphenolic composition [40,41]. The antioxidant capacity
of root, stem, and leaf extracts and phenolic content were then measured according to the DPPH
and Folin-Ciocalteu’s methods, respectively. As a general consideration, it should be noted that stem
and leaf extracts showed a wider range of antioxidant activity, depending on the extraction solvent,
than root extracts (Figure 1). The highest antioxidant capacity was determined in the methanol (MET)
leaf extract and ethyl acetate (EA) root extracts, followed by chloroform (CHL) and methanol root
extracts. On the contrary, MET stem extracts showed the lowest activity (Figure 1).

Figure 1. DPPH scavenging activity of Citrullus colocynthis root, leaf, and stem extracts. Data are means
of three replicates ± S.D. Same letters indicate absence of statistically significant differences (p < 0.05).

A detailed phytochemical characterization of the leaves, stems, and roots of C. colocynthis revealed
the presence of different classes of metabolites—such as coumarins, hydroxycinnamic acid derivatives,
flavan-3-ols glycosides, flavone glycosides, and tetracyclic triterpenes (Table 1)—as according to
previous investigations [42–44]. These compounds, which have been indicated as responsible for
antifungal activity against Aspergillus strains [38], were abundant in the analyzed extracts (Table 1).
Esculetin (1), p-coumaric acid derivatives (2, 5), orientin (3), vitexin (6), apigenin derivatives (4, 7,
8, 9, 12, 17), and epicatechingallate (18) were identified according to their MS fragmentation pattern
and absorption spectra (Table 1). The remaining identified peaks corresponded to different flavone
derivatives (10, 11), and cucurbitacin derivatives (13, 14, 15, 16) were elucidated by their molecular
weight obtained by MS analysis, their UV spectra, and by comparing experimental data with respective
literature data (Table 1) [45–47]. In particular, cucurbitacin derivatives and colocynthoside B did not
furnish any MS fragment as previously reported by Chawech et al. [44]. In order to exclude that these
compounds were artefacts due to solvent extraction, they were also compared with MS and UV spectra
of authentic standards of cucurbitacin E and I. Compound 19 (Table 1) was tentatively identified as
colocynthoside B on the basis of its molecular weight, its UV spectrum, and the comparison with
literature data [48]. Marked differences were observed among the tissues. However, in all three
extracts, the leaf contained the highest variety of phenolics, as well as the higher content of secondary
metabolite, except for compound 12 (Table 1), which was more abundant in the ethyl acetate extract
of the stem. Overall, our results showed that ethyl acetate was the most efficient solvent to extract
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phenolic constituents in all tissues, apart from orientin, coumaric flavone derivative, two apigenin
hexosides (compounds 7 and 17), epicatechin gallate, vitexin, and compound 5—which were more
concentrated in methanol extracts. On the contrary, chloroform was efficient to extract cucurbitacin I
derivatives (compounds 13, 14, 16) and colocynthoside B. The most abundant cucurbitacin derivative
(compound 13) resulted in extraction to the same extent as in ethylacetate and chloroform. The presence
of cucurbitacins is relevant to the bitterness and toxicity of the plant, but it also has some biological
effects—such as anti-inflammatory, purgative, and anti-cancer activities [49].

2.2. Antifungal and Anti-Aflatoxigenic Activity

The prediction of the biological activity of natural extracts may often be difficult due to the
variation in their chemical constituents, that in turn depend on the growth stages of the plants,
and/or their geographic origin [50]. On the other hand, screening plant crude extracts can simplify
the discovery of new and promising bioactives, and allows a further, more specific identification of
the chemical compounds responsible for the observed activity. We performed a preliminary assay
to evaluate the effect of the different C. colocynthis extracts on A. flavus growth, intended as daily
radial increase of fungal colonies diameter. Concentration of 500 μg/mL was tested for each extract.
As reported in Table 2, none of them resulted in a significant reduction of radial mycelium growth,
suggesting that the composition of extracts did not possess appreciable antimicrobial activity against
the fungus.

These preliminary results led to the exclusion of any antifungal or fungistatic potential of extracts
on the mycelium long-term growth. However, various studies have reported that several compounds,
both synthetic and natural, are effective in lowering AF production without apparently interfering
with the fungal development [51,52]. At present, these compounds are a promising tool for uncovering
the regulatory mechanisms triggering the mycotoxigenic metabolism, one of the main targets for
mycotoxin diffusion/contamination control strategies [53,54].

To assess and compare the efficacy of different organic extracts of C. colocynthis tissues on total
AF biosynthesis, conidia of A. flavus were inoculated in clarified coconut medium (CCM) and the
fluorescence-based microplate procedure was used [27]. Leaf, stem, and root organic extracts were
tested at increasing concentrations (data not shown); the lower and the higher concentrations (100 and
500 μg/mL, respectively) are reported in Figure 2. Chloroform (CHL), ethyl acetate (EA), and methanol
(MET) extracts were administrated to aflatoxigenic A. flavus cultures. After six days of incubation,
aflatoxin accumulation showed a dose-dependent alteration in response to extract exposure: The lowest
dose (100 μg/mL) was less effective in limiting the amount of toxins in the culture, while the effect
increased when extracts were added at the concentration of 500 μg/mL. Among tissues, leaf and root
extracts had the highest levels of aflatoxin inhibition (Figure 2B,C), exceeding 80% inhibition in both
CHL extracts. In addition, root extracts were able to lower the aflatoxin concentration by up to 12% in
the most effective (CHL), and around 45% in the case of the least effective (MET; Figure 2B).
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Table 2. Effect of 500 μg/mL C. colocynthis extracts on A. flavus radial growth. Radial increment is
expressed as the mean of daily radial increase of colonies radius (cm/d) ± S.D. Same letters indicate
absence of statistically significant differences (p < 0.05).

CHL EA MET CNT

Root 0.45 ± 0.13 a 0.43 ± 0.06 a 0.43 ± 0.09 a 0.47 ± 0.08 a

Stem 0.45 ± 0.11 a 0.39 ± 0.15 a 0.44 ± 0.12 a 0.47 ± 0.08 a

Leaf 0.44 ±0.13 a 0.46 ± 0.08 a 0.43 ± 0.10 a 0.47 ± 0.08 a

Figure 2. Activity on toxin accumulation and mycelium growth. Aflatoxin accumulation (reported as
fluorescence arbitrary units) in A. flavus six-days after CCM cultures treated with stem (A), leaf (B), and
root (C) extracts. (D) Early mycelium growth inhibition of A. flavus conidia treated with 500 μg/mL
extracts, measured 48 h after inoculum by optical density increasing, and expressed as percentage in
respect to control. Error bars refer to mean values of four replicates ± S.D.

A similar correlation between solvent and aflatoxin inhibition rate was observed for the highest
concentration of EA leaf and root extracts in eculetin, p-coumaric acid, apigenin, and cucurbitacin
derivatives (Table 1). Interestingly, the high activity of the CHL extract could be related to cucurbitacin
derivatives and colocynthoside B. In particular, colocynthoside B was detected only in the chloroform
extracts and may be responsible of the observed aflatoxin inhibition (Figure 2). Prevention of AF
accumulation has, for a long time now, been associated with the action of molecules and/or conditions
that interfere with fungal growth [24,29,30]; however, during the last decades, several other substances
have been shown to be effective in completely blocking the biosynthesis of mycotoxins without affecting
mycelium development [52,55]. Thus, the correlation between aflatoxin metabolism and A. flavus
growth should be considered under different perspectives of fungal development: Colonies may have
the same radius, but vary significantly in hyphal density and, therefore, biomass. In fact, hyphae
branching, which is necessary for an efficient colonization and utilization of the substrate, responds
to nutrient gradients, growing away from areas staled by metabolic by-products of existing hyphae.
However, colony radial growth is not influenced by the concentration of nutrients, since existing
hyphal tips at the colony margin, which determine the colony diameter, have priority over all other
hyphal tips (i.e., the branches). For this reason, the evaluation of colony radial growth as a unique
parameter for the assessment of any antifungal effect could be misleading about possible fungistatic
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activities of tested compound/mixture, or might disguise an early stadium effect. As reported in
Figure 2D, when C. colocynthis extracts were administrated to A. flavus conidia in YES liquid cultures at
the higher concentration (500 μg/mL), early mycelium development was delayed by the majority of
extracts. The exerted effect depended either on the tissue or solvent: For example, while CHL and
EA extracts from the stem and leaf did not significantly differ in their inhibitory effect (50 vs. 60%
and 45 vs. 50%, respectively), EA root extract proved to be more highly effective against the initial
development of mycelium than CHL extract from the same tissue (70 vs. 25%).

2.3. Aflatoxin-Modulating Activity

Time-dependent aflatoxin production was analyzed by time-course experiments, where the kinetic
of toxin accumulation was “real time”, determined by starting from 65 to 146 h after inoculum in
CCM medium. As previously reported [27] the AF concentration in the control cultures progressively
increased for up to 85–90 h, maintaining, from here on, a ‘plateau’ value. AF production in the A. flavus
cultures treated with a 500 μg/mL extract concentration showed a similar time course, but the maximum
quantity of toxins produced varied consistently, with the extract-dependent inhibition rate observed in
the end-point cultures. Stem extracts did not significantly differ from each other in terms of global
inhibition level, blocking AF accumulation to 50% of the control value (Figure 3A). On the contrary,
leaf and root extracts resulted in a variable range of toxin containment: The AF accumulation course,
in cultures treated with leaf extracts, split from control at 72 h after inoculum, reaching a peak at 89 h
(Figure 3B). A similar pattern was observed in root MET treated cultures, whereas root CHL and root
EA avoided AF accumulation already before 65 h (Figure 3C).

Figure 3. Aflatoxin time-course accumulation. Effect of stem (A), leaf (B), and root (C) extracts on AF
time-course accumulation in A. flavus. (D) Comparison between 500 μg/mL stem, leaf, and root CHL
extract; α-lipoic acid 1 mM is used as a reference. Error bars refer to mean values of four replicates
± SD.

Due to the variety of synergistic phenomena occurring in the cell, the antioxidant activity (and
resulting biological effect) may rarely be calculated on the basis of chemical in vitro assays, mainly in the
case of botanicals and phytocomplexes as those reported here. Therefore, the effect of different extracts
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on the redox balance could only in part be predicted. Additionally, the use of high concentrations of
single constituents (when, actually, a plant extract is a complex mixture) may result in the in vitro
system being exposed to an overstated and unrealistic concentration. However, a comparison with a
standard molecule, owning well-documented antioxidant properties consistent with the biological
effect in the object of this study, should be done. Lipoic acid is a well-known ROS scavenger, and its
efficacy in preventing aflatoxin production in A. flavus was already reported [27]. At the highest dose
considered here (500 μg/mL), CHL root extracts resulted in AF accumulation containment, which was
comparable to that observed for 1 mM α-lipoic acid. Stem and leaf CHL extracts were less efficient
inhibitors of AF biosynthesis, as compared to α-lipoic acid and root CHL extracts. It thus appears
that CHL root extracts are a promising source of anti-aflatoxigenic molecules. On the other hand,
reinforcing evidence shows that A. flavus aflatoxin-producing strains may be used as an in vivo model
to test the antioxidant activity of new mixture/compounds.

2.4. Time Course of Extract Administration on Aflatoxin Accumulation

According to various authors, many plant extracts showing an inhibitory effect against aflatoxin
accumulation at the early stage seemed to become almost ineffective after protracted incubation [56,57],
suggesting that their biological activity might depend not only on phytochemical composition, but also
on the chemical structure and related properties of single components. Additionally, evidence has
been provided showing that the delivery time of an anti-oxidant compound during fungal growth
may affect its inhibitory efficacy on aflatoxin biosynthesis and/or accumulation [40]. In Figure 4,
the time course of C. colocynthis root extracts (CHL and EA) administration is reported. As a general
observation, early administration (time 0; at the germination stage) of the relevant extract in the medium
resulted in the highest inhibition of AF accumulation, whereas delaying the time of administration
(from 65 h onwards) did not block mycotoxin biosynthesis but, in the best case (65 h), retarded
aflatoxin accumulation.

Figure 4. Effect of 500 μg/mL CHL (A) and EA (B) root extract over time on aflatoxin production.
Extracts were added to conidia of A. flavus inoculated in CCM after 65, 72, and 86 h of incubation. Error
bars refer to mean values of four replicates ± SD.

As previously reported for lipoic acid [27], the efficacy of CHL and EA root extracts in preventing
AF accumulation is limited to a short time interval (0–65 h) that precedes the burst of AF biosynthesis.
It would be worth analyzing the metabolic and regulatory networks operating during this time window
to uncover possible molecular targets for designing new and specific anti-aflatoxigenic compounds.

2.5. Conidia Production and Conidiophores Morphology

In Aspergilla, vegetative reproduction and subsequent colonization of the surrounding
environment rely on the differentiation of specialized structures (conidiophores) bearing vegetative
spores (conidia), whose formation process characterizes the late phase of mycelium growth. We tested
the effect of C. colocynthis CHL and MET stem, leaf, and root extracts on the production of conidia; as
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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 μg/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 μL of the extract solution was mixed with 100 μL of Folin–Ciocalteu’s phenol reagent.
After 3 min, 100 μL 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 × 10−5 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 × AS)/ADPPH] × 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 μL 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 × 250 mm, 4 μm) (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 TOφ 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 OD600) 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 3200× 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 × 102 conidia/well; cultures were set in a final volume of
200 μL/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, Männedorf, Switzerland) using the following parameters: λex = 360 nm;
λem = 465 nm; manual gain = 83; lag time = 0 μs; number of flashes = 3; integration time = 200 μs).
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 μg/mL
final concentration: Three equidistant single spots (5 μL of a 107 conidia/mL suspension each) of
aflatoxigenic strain Fri2 were inoculated in Petri dishes (9 cm Ø), 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 × 104 conidia were inoculated in a final
volume of 200 μL of YES 5% liquid medium, added with 500 μg/mL organic extracts, and incubated at
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28 ◦C. The optical density at 620 nm (OD620) 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 μg/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
450×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]. It is 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 μg/kg for wheat, rye and other cereals, 200 μg/kg for barley (including malting barley)
and corn and 1000 μg/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 14α-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 Gc/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 μg/L (±7.28), and reached 332.7 μg/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
72 h (20.22 μg/L ± 4.32) and attained 116.44 μg/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 μg/L (±6.1), reaching
294.65 μg/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 μg/L ± 6.12) and reached
106.25 μg/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.

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).

A

B

Figure 2. T-2 concentration (μg/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, 12 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

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,
12 h, 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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A

B

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 (μg/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 μg/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 μg/L (±1.2), respectively.

A

B

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 (μg/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).

(A)                                   (B) 

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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(A)                                   (B) 

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).

(A)                                   (B) 

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 α-ketoglutarate. In a glucose, citric acid or fructose
enriched medium, the phenylalanine amino acid group is transferred to α-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].

NH2 OH

O

Phenylalanine
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COOH
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COOH

HOH
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OH
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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 16–20 ◦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 μm 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; MgSO4 7H2O 0.5 g/L; NH4NO3 1g/L; KH2PO4 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 106 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 106 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 106 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 μL 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 μL 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 μm, 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 μm 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 μm, 250 × 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 μL. 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 μm
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
Bühler® (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 μm 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 × 4.6 mm, 3 μm 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 μg/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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Tihomir Kovač 1,2,*,†, Bojan Šarkanj 1,2,3,†, Ivana Borišev 4, Aleksandar Djordjevic 4,
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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 C60(OH)24 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 C60(OH)24; 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.
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1. Introduction

The stable water-dissolved forms of fullerene C60 (nC60) are nanosized (1–100 nm). During its
progression through different environmentally relevant routes, upon photoexcitation with oxygen,
nC60 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 C60(OH)24 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. It is 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 C60(OH)24 Nanoparticle Characterisation

The results of FNP characterisation were obtained through transmission electron microscopy
(TEM), dynamic light scattering (DLS) and zeta (ζ) 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 ζ potential value of analysed samples was −44.1 mV (Figure 1d).

 

Figure 1. Fullerol C60(OH)24 aqueous nanoparticle solution (c = 10 mg mL−1) under transmission
electron microscope (TEM) at 30,000× (a) and 150,000× (b) magnification, as well as particle size
distribution by number (c) and apparent zeta potential (ζ) (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 C60(OH)24 Nanoparticles on the Growth of Foodborne Mycotoxigenic Fungi

The FNP effect (0, 10, 100 and 1000 ng mL−1) 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−1 (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−1 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−1). 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−1)
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 C60(OH)24 nanoparticles (FNP) influence on � Fusarium verticillioides (CBS 119.825),
� Fusarium graminearum (CBS 110.250), � Fusarium culmorum (IFA 104), � Aspergillus flavus (NRRL 3251),
� Alternaria alternata (WT) and � 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 C60(OH)24 Nanoparticles on Secondary Metabolite Profiles of Selected Foodborne
Mycotoxigenic Fungi

The FNP effect on the secondary metabolite profiles of selected foodborne mycotoxigenic fungi is
presented in Figures 3–6.

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−1 of fullerol C60(OH)24 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−1. 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−1. 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−1 of FNP, the citrinin concentration at 100 ng mL−1 of
FNP, as well as the dihydrocitrinone concentration at 1000 ng mL−1 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−1 of FNP (p = 0.026),
alternariolmethylether at 1000 ng mL−1 (p = 0.01) and tenuazonic acid at 1 ng mL−1 (p = 0.01).

 
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−1 of fullerol C60(OH)24 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−1. 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 AFB1 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−1 of FNP, respectively), while 100 and 1000 ng mL−1 of FNP decreased its concentrations
by 28% and 7%, respectively. Respective asperfuran concentrations decreased by 22% and 20% (at
1 and 1000 ng mL−1), but they also increased by 43% and 33% at respective FNP concentrations
of 10 and 100 ng mL−1. AFB1 concentration was significantly decreased at 1 ng mL−1 (p = 0.010),
dichorodiaportin at 100 ng mL−1 (p = 0.014), kojic acid at 1 ng mL−1 (p = 0.010) while cyclopiazonic
acid concentration was statistically significant decreased at 1000 ng mL−1 (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−1 of FNP. Asperfuran concentrations were statistically significant different after
application of 1 and 10 ng mL−1 of FNP (p = 0.035) and 1 and 1000 ng mL−1 of FNP (p = 0.047).

 
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−1 of fullerol C60(OH)24 nanoparticles (FNP)
(a–g). Data represent the mean ± standard error of the mean (SEM) from three separate experiments
and are expressed in ng mL−1. A. flavus 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−1 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−1, 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−1, again. Similarly,
the fusaric acid concentrations increased even more, from 128% to 542%, at the 1 ng mL−1 treatment
with FNP. In the case of sambucinol, the 1 and 100 ng mL−1 treatments caused respective increases in
concentration of 94% and 133%, while 10 and 1000 ng mL−1 caused respective concentration decreases
of 50% and 11%. Equisetin was not detected in the control samples when FNP at 1 and 10 ng mL−1

was applied, but it was observed after addition of 100 and 1000 ng mL−1 of FNP in growth media.
Fusarin C concentrations were decreased by FNP, from 8% to 22%, while 10 ng mL−1 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−1 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−1 of FNP
(p = 0.01). The fusarin C concentration was statistically significant in comparison with control samples
when 10 ng mL−1 of FNP applied (p = 0.01). Moreover, there was a significant difference between the
effect of FNP at 10 and 100 ng mL−1 on sambucinol (p = 0.01), while in the case of gibepyron D, a
significant difference was noted between 1 and 10 ng mL−1.

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. FNP 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−1 of FNP was applied. At the same time, when the
1000 ng mL−1 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−1

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−1 of FNP was present in the growth media. Alternatively, the highest
decrease in butenolid concentrations was noted at 10 ng mL−1 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−1 of FNP was present in growth media. The sambucinol
concentration was decreased at all tested FNP concentrations, from 145%–984%, while 10 ng mL−1

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−1 of FNP 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−1 of FNP
(p = 0.01), while zearalenone-sulfate concentrations were significantly different at 100 ng mL−1 of FNP
(p = 0.01). The chrysogin concentration produced under the effect of 1000 ng mL−1 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−1 of
FNP (p = 0.01), while at produced rubrofusarin concentrations difference was noted between 10 and
1000 ng mL−1 of FNP (p = 0.01).

Figure 6c 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−1,

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−1. Moreover, culmorin concentrations
were also increased in FNP presence, from 36%–63%, where FNP at 1 ng mL−1 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−1 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−1 of FNP, culmorin at 1 ng mL−1 of FNP (p = 0.01) and zearalenone at 1000 ng mL−1 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−1 of FNP present in growth media
(p = 0.01).
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Figure 6. Cont.
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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−1 of fullerol C60(OH)24 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, (c-4) culmorin, (c-5) sambucinol, (c-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−1.

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 ζ

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 Kovač 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, LD50 is estimated at 100 mg kg−1 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-α-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 (LD50

81–225 mg kg−1 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. AFB1, 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 6c). The
aurofusarin is dimeric naphtho-γ-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−1 of
FNP was applied during F. verticillioides growth (Figure 6c-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 LD50 is estimated for mice from 250–1000 μg kg−1 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−1 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 FNP (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 α and β, 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 C60(OH)24 Synthesis, Preparation and Characterisation of Nanoparticle Solution

Reagents used in the process of synthesis of fullerol C60(OH)24 nanoparticles (FNP) were all
analytical grade (C60 (99.8% purity), Br2, NaOH and C2H5OH). FNP were synthesised in a two-step
synthetic protocol. First, polybromine derivative was synthesised by the reaction of polybromination
of C60 by Br2 using FeCl3 as a catalyst, with the aim to obtain polybrominated derivative C60Br24 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 300,000×. 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 Jerković et al. [59]. The number of conidia
in the stock suspension was adjusted on 106 CFU mL−1 by using a Bürker-Türk counting chamber
(Haemocytometer), and checked by inoculating the dilutions to PDA agar. Working 2 × conidia
suspension was prepared by diluting 200 μL 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 μm 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−1) to
a final concentration of 0, 1, 10, 100 and 1000 ng mL−1 of FNP 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 μL 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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I.B., A.D., M.S., A.J., J.B, R.K.; visualization, T.K. (Tihomir Kovač), B.Š., T.K. (Tamara Krska); supervision, J.B., M.S.,
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