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Abstract: The aim of this study was to develop a set of experiments to screen and decipher the
mechanisms of biocontrol agents (BCAs), isolated from commercial formulation, against two ma-
jor mycotoxigenic fungi in cereals, Fusarium graminearum and Fusarium verticillioides. These two
phytopathogens produce mycotoxins harmful to human and animal health and are responsible
for the massive use of pesticides, for the protection of cereals. It is therefore essential to better
understand the mechanisms of action of alternative control strategies such as the use of BCAs in
order to optimize their applications. The early and late stages of interaction between BCAs and
pathogens were investigated from germination of spores to the effects on perithecia (survival form of
pathogen). The analysis of antagonist activities of BCAs revealed different strategies of biocontrol
where chronological, process combination and specialization aspects of interactions are discussed.
Streptomyces griseoviridis main strategy is based on antibiosis with the secretion of several compounds
with anti-fungal and anti-germination activity, but also a mixture of hydrolytic enzymes to attack
pathogens, which compensates for an important deficit in terms of spatial colonization capacity.
It has good abilities in terms of nutritional competition. Trichoderma asperellum is capable of activating
a very wide range of defenses and attacks combining the synthesis of various antifungal compounds
(metabolite, enzymes, VOCs), with different targets (spores, mycelium, mycotoxins), and direct
action by mycoparasitism and mycophagy. Concerning Pythium oligandrum, its efficiency is mainly
due to its strong capacity to colonize the environment, with a direct action via microbial predation,
stimulation of its reproduction at the contact of pathogens and the reduction of perithecia formation.

Keywords: mycotoxins; microbial interaction; Trichoderma; Streptomyces; Pythium

1. Introduction

At the intersection between the health protection requirement of consumers and pro-
ducers, economic issues of intensive production, and those related to the environment
such as climate changes or limiting our impact on biodiversity, the management of myco-
toxigenic fungi are of serious concern [1–3]. In cereal crops, the first source of consumer
exposure to mycotoxins, F. verticillioides (fumonisin producer) and F. graminearum (tri-
chothecene producer) infect and colonize the ears during flowering and synthesize toxins
in the grains in formation. They have the capability of persisting in the crop debris and
constitute an important source of inoculum for the following seasons [4].

The most effective control methods against these toxins must be implemented in the
field before harvesting and the transformation of product [5], notably with alternative
methods to chemical pesticides such as biocontrol [6,7]. In particular, the use of antagonistic
microorganisms that prevent or reduce the spread of plant pathogens was investigated and
numerous biocontrol agents have been identified [8]. However, few of them are marketed
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against Fusarium spp. (in Europe, only Pseudomonas chlororaphis and Pythium oligandrum
are available under the name Cerall®, Belchim Crop Protection and Polyversum®, Bio-
preparáty/De Sangosse, respectively); many factors still need to be studied to ensure
effective implementation [9]. Notably, understanding the mechanisms that govern the
interaction of BCAs and pathogens over time is of particular interest [10]. The main
mechanisms identified against mycotoxigenic fungus are mostly related to parasitism,
antibiosis, biotransformation of mycotoxins or biocompetition [11]. Parasitism is a direct
attack of pathogen by the BCA that will degrade or consume the pathogen host until it
dies [12]. Antibiosis is attributed to BCAs being able to synthesize secondary antifungal or
anti-mycotoxigenic metabolites, such as antibiotics or lytic enzymes [13,14]. The detoxifi-
cation of mycotoxins includes the degradation, transformation and direct absorption of
toxins produced by mycotoxin fungi [6,7,15]. Biocompetition may occur when particular
ecological niches are simultaneously occupied by pathogens and BCAs, either in terms of
nutrients or space [16,17]. Depending on the conditions and type of BCAs considered, one
or more of these interconnected mechanisms may be observed, with variable contributions
to the overall reduction of pathogen populations. Each of these modes of action can be
characterized at different levels (e.g., antibiosis can be demonstrated by the presence of
inhibition halos of the growth of the pathogen in dual culture assay but also by precise
identification of the metabolite(s) responsible for this inhibition). They can also be related
to each other (e.g., the secretion of degradation enzyme can be one of the components of
the overall parasitism strategy, or several independent modes of action can have synergic
effects, such as nutritional competition and antibiosis). The complexity of these mechanism
and their synergy makes their analysis difficult. In addition, in the majority of pathogen(s)
vs. BCAs studies, the major approach is the dual culture assay [18–20], which gives a good
idea of the impact on growth with a limited investment but does not systematically consider
the synthesis of mycotoxins. This aspect is nevertheless essential in the interaction between
BCAs and mycotoxigenic pathogens because these toxins are naturally synthesized to allow
pathogens to protect themselves from competing or invading organisms and can affect
the activity of BCAs [10]. Furthermore, this method does not allow targeted identification
of the mechanisms triggered by BCAs, or the activation of mechanisms requiring specific
conditions. Hence the need to develop specific experimental devices to identify mode of
action, at different stages of pathogen evolution.

With the objective in mind of establishing an initial mapping of the various impact of
BCAs against mycotoxigenic fungi, this study provides an overview of the potential time-
series biocontrol action of three commercial BCAs. They were selected for their contrasting
uses, demonstrated efficiency, and microorganism types (T. asperellum, S. griseoviridis, P. oli-
gandrum). To detect potential new modes of action of this BCAs, a toolbox of experimental
devices covering different stages of pathogens evolution was developed. Various effects
like (1) impact of BCAs on pathogens germination, (2) mycophagous activity of BCAs on
pathogens, (3) BCAs chitinase activities and (4) antimicrobial BCAs VOCs, (5) biotransfor-
mation of mycotoxin by BCAs, (6) nutritional competition, (7) spatial competition and (8)
impact of BCAs on perithecia production by F. graminearum were analyzed. BCA/pathogen
selection criteria and descriptions are presented in Section 2 as well as the detailed devices
developed and used to explore BCAs interactions with mycotoxigenic fungi and identify
key weapons used by the BCAs.

2. Materials and Methods
2.1. Microorganisms, Culture Media and Mycotoxin Analysis
2.1.1. Fusaria Species

Fusarium graminearum strain BRFM 1967 and Fusarium verticillioides strain BRFM
2251 (CIRM, University of Aix-Marseille, Marseille, France) were selected for their high
respective mycotoxins production. F. graminearum was isolated from wheat plant and has
a deoxynivalenol (DON/15-ADON) chemotype; F. verticillioides was isolated from maize
kernels, and has a fumonisins (FB1/FB2/FB3) chemotype. Pure cultures were maintained
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on potato dextrose agar (PDA; BD Difco, Sparks, MA, USA) at 4 ◦C under paraffin oil.
For spore suspensions production, pathogens were actively grown on PDA at 25 ◦C for
7 days. For F. graminearum dual culture assay against BCAs, CYA or CYB (sucrose 30 g;
with or without agar 15 g; yeast extract (Biokar, Beauvais, France) 5 g; K2HPO4·3H2O 1 g;
NaNO3 0.3 g; KCl 0.05 g; MgSO4·7H2O 0.05 g; FeSO4·7H2O 0.001 g; ZnSO4·7H2O 0.001
g; CuSO4·5H2O 0.0005 g; per liter of distilled water, pH 6.3 ± 0.2) was used, and for F.
verticillioides dual culture assay against BCAs, PDA or PDB (BD Difco, Sparks, MA, USA)
was used. Comportment of these Fusariums species and selection of media are detailed in a
previous study [21].

2.1.2. Commercial Biocontrol Agents (BCAs)

Three commercial biological control agents (BCAs) were chosen for their contrasting
characteristics and their ability to inhibit the two mycotoxigenic fungi. Explanations
on how BCAs were selected and more information about their characteristics and their
effects on growth and mycotoxinogenesis of Fusarium pathogen in dual culture assays are
available in previous work [21]. All BCAs were isolated from their commercial formulation
with a classical microbial isolation protocol and conserved in commercial product aliquots
(4 ◦C) or under spore forms in glycerol solution (15%/v:v/−80 ◦C). Pure cultures were
maintained on ISP4 (agar 18 g; starch 10g; K2HPO4·3H2O 1g; MgSO4·7H2O 1 g; (NH4)2SO4
1 g; CaCO3 1 g; FeSO4·7H2O 0.001g; MgCl2 0.001 g; ZnSO4·7H2O 0.001 g; per liter of
distilled water), PDA, and V8 juice agar (V8 juice 200 mL (Campbell’s, Camden, NJ, USA);
agar 15 g; CaCO3 3 g; per 800 mL of distilled water), respectively, for Mycostop, Xedavir,
and Polyversum at 25 ◦C for 7 days for production of spore suspensions or inoculation plug
concerning Polyversum. For the rest of the study, the isolates isolated from commercial
formulation were referred to using the following abbreviations: Myco for Mycostop/S.
griseoviridis (Lallemand Plant Care®), Xeda for Xedavir/T. asperellum (Xeda International®),
and Poly for Polyversum/P. oligandrum (DeSangosse®).

2.1.3. Mycotoxin Analysis

For F. graminearum samples, 30 mL of acetonitrile/water/acetic acid (79:20:1, v/v/v)
were added. For F. verticillioides samples, 50 mL of water/acetic acid (99.5:0.5, v/v/v) were
added. 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.

Mycotoxin detection and quantification were achieved using an Ultra High-Performance
Liquid Chromatography (UHPLC, Shimadzu, Tokyo, Japan) coupled with a mass spectrom-
eter (8040, Shimadzu, Tokyo, Japan). LC separation was performed using a Phenomenex
Kinetex XB Column C18 (50 mm × 2 mm; 2.6 µm particles) at 50 ◦C, with an injection
volume of 50 µL. The mobile phase consists of 0.5% acetic acid in ultra-pure water (A)
and 0.5% acetic acid in isopropanol (B) (HPLC MS grade, Sigma, St Louis, MO, USA).
Binary linear gradient elution program, for mobile phase A, started with 98%, then 90%
at 0.01 min, 45% at 1.5 min, 15% at 3.5 min, 20% at 4 min and 98% at 4.01 min until the
end of the elution (11 min). The 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) (Tables 1 and 2). 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).
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Table 1. MS/MS parameters for isotope labeled, internal standard (IS) (Romer Labs, Austria).

IS Polarity MRM EC

U-(13C15)-
DEOXYNIVALENOL

− 370.3 > 59.0 35

U-(13C34)-FUMONISIN B1 + 756.3 > 356.5 −47

Table 2. MS/MS parameters for mycotoxins. (Q) Quantification; (q) qualification.

Mycotoxin Polarity MRM Q EC MRM
Q MRM q EC MRM

q

R2

Calibration
Curve

DON − 355.0 >
59.0 35 355.0 >

265.1 35 0.9998

15-
AcDON + 338.90 >

137.10 −19 338.90 >
297.20 −14 0.9988

3-
AcDON − 397.20 >

59.00 25 397.20 >
307.10 16 0.9988

FB1 − 722.35 >
334.5 −43 722.35 >

352.0 −44 0.9982

FB2 − 706.2 >
318.4 −37 355.0 >

265.1 −44 0,9980

2.2. Toolbox
2.2.1. Impact of BCAs on Pathogen Germination

Cell-free-extracts (CFEs) of BCAs were prepared as follows. Liquid culture of all
BCAs in CYB and PDB was incubated at 25 ◦C for 10 days at 175 RPM (Unitron INFORS,
Bottmingen, Switzerland). The microbial culture was centrifugated (10,000 RPM—4◦C—
10 min; Centrifuge 5804 R, Eppendorf, Hamburg, Germany) and filtered with sterile PES
filter (0.22 µm, Sartorius, Göttingen, Germany) to remove filaments and spores produced
by BCAs and to sterilize CFEs. Spore suspensions of two BCAs Myco and Xeda were
prepared from solid medium as pure cultures in sterile water and filtered with carded
cotton and standardized at 1 × 105 spores. mL−1. Spore suspensions of pathogen were
prepared (1× 104 spores.mL−1) in the same way. In microtube, 250 µL of spore suspensions
or CFEs of BCAs were mixed with 250 µL of pathogens spore suspensions and incubated
for 30 h. Microscopic observations and counts of germinated spores were conducted on
sample of 10 µL, every 3–12 h depending on germination speed of pathogens with a Zeiss
PrimoStar microscope. The images were taken using a Zeiss Axiocam ERc5s camera (Carl
Zeiss Microscopy, Thornwood, NY, USA). For BCA spore suspensions modality, H2O was
used as control and for BCAs CFEs modality, PDB and CYB was used as control for F.
graminearum and F. verticillioides spores, respectively. Pathogen spores vs. BCA spores or
CFEs mixes and controls was set up in triplicate for each analyzed time point and 200
spores on average were considered per replicate to calculate the percentage of pathogen
germinated spores. Average values were used to create percentage of pathogen spore
germination curves.

2.2.2. Mycophagous Activity of BCAs on Pathogen

A specific device was developed, based on and modified from experiments of Bal-
hausen et al. 2015 [22] (Figure 1). A well consisting of a microtube cap (Eppendorf,
Hamburg, Germany), containing culture medium was deposited in the center of an empty
Petri dish. Pathogen spore suspension was added in culture medium well 48 h before the
beginning of the experiment (10 µL—1 × 104 spores.mL−1). CYA and PDA were used for
F. graminearum and F. verticillioides, respectively. Then, BCA spore suspensions (30 mL—1
× 102 spores.mL−1) were dropped off around a culture medium well. To ensure that
BCAs had no longer sufficient nutrients to grow in the absence of pathogens, various
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improvements were made (Figure 2). The main problem was the elimination of nutritional
resources for BCAs in media around the well. Different gelling agents were tested: Agar,
Phytagel, Kappa, (5 and 3 g.L−1). Finally, as all gelling agents tested allowed the growth of
BCAs, the spores were only diluted in sterile water. Moreover, the spores were previously
washed 5 times to remove any residues from the culture medium used to obtain them.
To complete the experimental device, a cellophane sheet was laid around the well at spore
suspension surface. After incubation of 20 days at 25 ◦C, pathogen was gradually coming
out of the well and colonizing BCA suspensions thanks to the cellophane sheet support.
If BCA presents a mycophagous activity, BCA colony could be observed at contact with
alive pathogen. Observations were realized with a Zeiss PrimoStar microscope and pic-
tures were taken using a Zeiss Axiocam ERc5s camera (Carl Zeiss Microscopy, Thornwood,
NY, USA). Phase contrast was used only with Mycostop because its spores are very small.
Each BCA/pathogen confrontation and controls were set up in triplicate. To validate the
results, only modalities where the three triplicates showed growth of BCAs were consid-
ered as positive. Control without pathogen (first negative control) and control without
BCAs (second negative control) were realized. After 20 days, 10 mL of spore suspensions
of BCAs were sampled and the mycotoxins produced by pathogens were extracted and
quantified as described in previous study (Pellan et al., 2020).

Figure 1. (A) Experimental device at beginning of test: in a Petri dish, a washed BCA spore suspension
was dropped off around a culture medium well. CYA and PDA were used for F. graminearum and
F. verticillioides, respectively. A cellophane sheet was laid around the well at surface of the BCAs
suspension. Pathogen spore suspension was added in culture medium well at the beginning of the
experiment; (B) experimental device after incubation of 20 days, pathogen was gradually coming out
of the well and colonizing BCA suspension thanks to the cellophane sheet support. If BCA present a
mycophagous activity, BCA colony could be observed at contact with alive pathogen. Magnifying
glass indicates the global position of optical microscopic images.
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Figure 2. Experimental device process improvement. To ensure that BCAs no longer had sufficient
nutrients to grow in the absence of pathogens, various improvements were made based on devices
proposed by Balhausen et al. (2015) [22]. All BCAs were directly inoculated on different minimal
media without pathogen to verify the absence of growth ((1) Phytagel, (2) Kappa, (3) Water). Optical
microscope images framed in black were obtained at macroscopic scale and those framed in white
were obtained at microscopic scale after 20 days of incubation. Only (3): multiple washing of spore
suspension followed by inoculation in water permitted to note the absence of development of BCAs
without nutrients. The red arrow indicates that this mode of inoculation has been chosen. Myco:
Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.

2.2.3. Chitinases Activities of BCAs

In 250 mL Erlenmeyer, 100 mL of minimum liquid medium specific for each BCA
was prepared as described in literature: ISP4 liquid for Myco [23], MSM for Xeda [24] and
MMPO for Poly [25], supplemented or not (Control) with 1% (w/v) of cell wall powder
of F. graminearum or F. verticillioides [26] (abbreviated G pwd. and V pwd., respectively),
i.e., three combinations per BCA. BCAs were inoculated with spore suspensions (5 mL—1
× 105 spores.mL−1), except for Poly, which was inoculated with 7-days plugs (5 mm in
diameter) in Erlenmeyer flasks and incubated at 25 ◦C and 150 RPM (Unitron INFORS,
Bottmingen, Suisse) for 10 days. Liquid cultures were centrifugated (5 min—10,000 RPM),
the supernatant was used as the crude enzymes extract and stored at −20 ◦C until used
to assay enzyme activity. Pellets were used to determinate corresponding dried weight of
BCAs, values were used to create BCAs dried weight curves.

Chitinase activity was assessed using a Chitinase assay kit (Sigma-Aldrich, St Louis,
MO, USA), according to the manufacturer’s instructions. The kit provides three substrates:
4-Nitrophenyl N,N′-diacetyl-β-D-chitobioside (exochitinase 1 activity detection: chitobiosi-
dase activity), 4-Nitrophenyl N-acetyl-β-D-glucosaminide (exochitinase 2 activity detection:
β-N-acetylglucosaminidase activity) and 4-Nitrophenyl β-D-N,N′,N”-triacetylchitotriose
(endochitinase activity detection). Cleavage of these substrates release p-nitrophenol which
has been quantified at 405 nm by an Enspire Multimode Reader (Perkin Elmer, Waltham,
MA, USA). One unit had released 1.0 µmole of p-nitrophenol from the appropriate substrate
per minute at pH 4.8 at 37 ◦C. Trichoderma viride chitinase (Sigma-Aldrich, St. Louis, MO,
USA) was used as a positive control. Assays were carried out in triplicate, and the results
were expressed as mean ± SD (standard deviation). To verify the apparent constitutive
synthesis of exochitinase by Poly, supplementary analysis was performed on minimal
solid medium.
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2.2.4. Antimicrobial BCAs Volatiles Organics Compounds (VOCs)

Petri dishes containing CYA or PDA medium were inoculated in the center with a
spore suspension (10 µL—1 × 104 spores. mL−1) of F. graminearum or F. verticillioides,
respectively. The three BCAs were inoculated in the center (10 µL—1 × 105 spores. mL−1,
except for Poly, which was inoculated with 7-days plugs (5 mm in diameter)) in separate
plates containing the same media. The lids were removed and two plates containing
each one pathogen and one BCA, were placed face to face [26]. The set-up was sealed
with a double layer of parafilm (Parafilm M, Amcor, Warmley, UK). A plate containing
medium without BCAs was placed face to face with pathogen for the control. The plates
were incubated at 25 ◦C during 8 days. After 3 days then every day of coculture, Petri
dishes were photographed, and the colony areas of pathogens were measured in cm2 by
image analysis using ImageJ software (1.52a, Wayne Rasband National Institute of Health,
Bethesda, MD, USA, 2018). Average values were used to create growth curves. At the
end of experiment, half a Petri dish of both pathogens was sampled, and the mycotoxins
produced by pathogen were extracted and quantified as described in preliminary study [21].
Each BCA/pathogen dual culture and control was set up in triplicate.

2.2.5. Biotransformation of F. graminearum Mycotoxins

In order to evaluate the capacity of BCAs to transform, degrade or fix F. graminearum
mycotoxin (DON), minimum liquid medium (CZB) was inoculated with 7-days plugs (1
cm in diameter) of F. graminearum in Erlenmeyer flasks and incubated for 10 days at 25 ◦C.
Liquid cultures were filtered with PES filter (0.22 µm, Sartorius, Göttingen, Germany) to
remove mycelium and spores produced by the pathogen and to sterilize medium enriched
with mycotoxins. A volume of 10 mL was sampled to quantify the mycotoxin concentration.
In parallel, half Petri dishes of medium without mycotoxins (CYA) were inoculated with
BCAs or F. graminearum alone (control of mycotoxins non-degradation by the pathogen)
with 5 µL of 1 × 105 spores. mL−1, except for Poly, which was inoculated with 7-days
plugs (5 mm in diameter) or H2O (inoculation control). After 3 days, corresponding to
initiation of growth of BCAs, the empty half Petri dishes were completed with enriched
mycotoxin medium (CYA with DON content adjusted to 15,000 ng.g−1 of media, equating
to 100% of mycotoxin content) and incubated for 12 days at 25 ◦C (same condition as
dual culture assays in previous study). Samples were analyzed on days 5, 7 and 12 for all
modalities. BCAs colony had gradually colonized the mycotoxin-enriched part. At the
end of experiment, in each half of a Petri dish, the remaining mycotoxins were extracted,
quantified and summed as in [21], and compared to control plates without microorganisms
(mycotoxin content control, 100% of mycotoxin content). The experiment was performed
only with the mycotoxins produced by F. graminearum because the F. verticillioides strain
used did not produce enough mycotoxins in liquid medium condition. The main known
degradation products resulting from the microbial transformation of mycotoxins were
investigated: DOM-1, 3-epi-DON and 3-keto-DON [27–29]; particular attention was paid
to the identification of peaks that appeared on the chromatogram when mycotoxin amount
was reduced, because they could correspond to new product of degradation.

2.2.6. Nutritional Competition between BCAs and Pathogens

Phenotype MicroArrays plates (Biolog, Hayward, CA, USA) measure the carbon
consumption profile (PM1), and the nitrogen consumption profile (PM3) of strains for
96 sources and were used according to the manufacturer’s instructions. Carbon sources
in PM1 are in the 5–50 mM range and nitrogen sources in PM3 are in the 2–20 mM
range. Standardized cell suspensions were prepared in sterile Biolog FF inoculating fluid
(transmittance of 81% and 62% at 590 nm for Myco and other microorganisms, respectively),
and inoculated into the PMs. PMs were incubated in dark at 25 ◦C, and growth (optical
density) at 750 nm was monitored 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).
Compounds present in wheat or maize were identified through the literature [30–33], and
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the consumption of these compounds by different microorganisms were compared to
highlight a potential nutritional competition on these natural substrates.

2.2.7. Spatial Competition between BCAs and Pathogens and Potential Antimicrobial
Metabolites Diffusion by BCAs

In square Petri dishes, CYA or PDA medium for F. graminearum conditions or F. verticil-
lioides conditions, respectively, were deposed in nonlimiting quantity (300 mL) representing
a total area of 900 cm2. In order to identify the most competitive microorganisms between
pathogen and BCA, each BCA and pathogen were inoculated alone or in competition
(10 µL—1 × 104 spores. mL−1, except for Poly, which was inoculated with 7-days plugs
(5 mm in diameter)) and incubated for 25 or 40 days at 25 ◦C, for F. graminearum test or F.
verticillioides test, respectively (i.e., until full coverage of the available space). During the
test, Petri dishes were photographed and the colony area of pathogens and BCAs were
measured in cm2 by image analysis using ImageJ software (1.52a, Wayne Rasband National
Institute of Health, Bethesda, MD, USA, 2018). Average values were used to create growth
curves. Particular attention was paid to the contact time and potential overgrowth of
microorganisms on each other.

2.2.8. Impact of BCAs on Perithecia Production of F. graminearum

The production of perithecia was set up based on existing protocol [34–36]. F. gramin-
earum was inoculated on solid Carrot agar medium and incubated at 22 ◦C. When the
mycelium had covered the whole area, its aerial part was scraped off with a sterile spreader.
After 24 h, the same process was repeated. Then, TWEEN20® at 2.5% (v:v) was supple-
mented with BCA spores (1 × 104 spores. mL−1), except Poly which was added with
microfilaments. A volume of 1 mL of this spore’s suspension with TWEEN20® was de-
posed and spread in a Petri dish, inducing stress and leading to the formation of perithecia.
TWEEN20® at 2.5% (v:v) was used as control.

2.2.9. Data Expression and Statistical Analysis

Statistical data analysis was achieved with R Software (3.4.4, R Foundation for Statis-
tical Computing, Vienna, Austria, 2017). Normality and homogeneity of variances were
verified with the Shapiro–Wilk test (with Holm–Bonferroni correction) and Levene’s test,
respectively. For each pathogen, the effect of BCAs treatments was tested with a one-way
ANOVA and multiple comparisons of means were done with Tukey’s test (α = 0.05). To con-
sider complete evolution of interaction, and not only a final point, the areas under the
curves were calculated for the germination test, the evolution of weight during chitinase
test, the evolution of mycelial area during COV test, the spatial and nutritional competition
test. For the visualization of specific differences between microorganisms nutrient profiling,
the negative control was subtracted and a hierarchical classification and clusterization was
carried out with the FactoMineR package. Absorbance values of the negative control were
subtracted from the measured values for the different modalities.

3. Results
3.1. Impact of BCAs on Pathogens Germination

During germination test, spores and cell-free-extracts (CFEs) of BCAs were put in
contact with spores of two pathogens F. graminearum and F. verticillioides. The evolution of
coculture was observed to identify the influence of BCAs on the earliest stage of pathogen
cycle: the spore germination (Figure 3). Concerning the direct contact between spores of
BCAs and macroconidia of F. graminearum (Figure 3A), the two BCAs reduce the germina-
tion of pathogen throughout the assay with an inhibition of pathogen germinated spores of
50% and 53% for Myco and Xeda, respectively. F. verticillioides spore germination is less
affected by contact with BCA spores (39% and 22% of inhibition by Myco and Xeda, respec-
tively) (Figure 3C). Concerning the contact between CFEs of BCAs and pathogen spores,
the germinative ratio of control was higher probably due to higher nutrient availability
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in liquid medium dedicated to the CFEs. Despite this higher ratio of the control, a more
contrasted effect could be observed. Xeda’s CFE has stronger effect against germination
of F. graminearum (82% of inhibition, Figure 3B). After 24h of contact, with almost total
inhibition of germination, an increase of pathogen germinated spores could be observed,
but the germ tubes remained restricted in size (50–70 µm on average). For F. verticillioides,
Myco’s CFE had more influence on spore germination (76% of inhibition, Figure 3D), with
atrophied germ tubes and this effect was maintained over time. No effect of CFEs from
the Poly culture could be detected on the percentage of germination of pathogenic spores,
or even stimulation and the differences with controls were not significant. Nevertheless,
length and branching of pathogenic germ tubes in contact with Poly’s CFE was more
important than control.

Figure 3. Effect of BCAs on germination of pathogenic spores. F. graminearum spores: (A) in contact with BCA spores and
(B) in contact with BCA cell-free-extracts; on germination of F. verticillioides spores: (C) in contact with BCA spores and
(D) in contact with BCA cell-free-extracts. Optical microscope images were taken after 24 h of contact between pathogen
spores and BCA spores or CFEs at 25 ◦C. Part of the curve in the dotted line indicates an increase of pathogen spore’s
germination percentage but with reduced length germ tubes. CFE: cell-free-extract; Myco: Mycostop®, Xeda: Xedavir®,
Poly: Polyversum®. ANOVA test independent for each competition modality on area under the growth curves (AUGCs),
p-value < 0.05.

3.2. Mycophagous Activity of BCAs on Pathogens

At the beginning of contact between live mycelium of pathogen and spores of BCAs
in developed device to reveal mycophagous activity, contrasted observations could be
realized (Figure 4). In absence of pathogen, BCAs were unable to develop, but the presence
of nearby living mycelium of pathogens allowed the detection of potential mycophagous
activity in the coculture system.
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Figure 4. BCAs mycophagous activity against pathogens. Optical microscope images were taken after 20 days of contact
between BCA spore suspensions and live mycelia of pathogens at 25 ◦C. 1BCAs alone: devices were inoculated with spore
suspension only, and the pathogen spore suspension was replaced with water in the culture well. 2Pathogens alone: devices
were inoculated only with the pathogen spore suspension in the culture well, the BCA suspension was replaced with
water. S: spores, M: mycelium, Mf: micro-filament, O: oospores, in green or red for BCA and pathogen, respectively. Myco:
Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.

Myco was able to grow in contact with the pathogen F. graminearum. Spores, produced
in large quantities compared to Myco alone control, were accumulated along the pathogenic
hyphae. They formed very fine filaments that were able to bind to the pathogen. Myco also
had the ability to proliferate in contact with F. verticillioides mycelium, even with a greater
development of its mycelium/pseudo-mycelium. This one appeared as early as day 10
and formed a pellet that enclosed the pathogen filaments. Xeda was also able to grow
directly around the spores or filament of F. graminearum. Colonies of Xeda were frequently
observed around deformed F. graminearum’s spores or filaments. This colonization allowed
the production of newly generated Xeda’s spores who then could form colonies of their own.
This ability could be considered early as it was clearly evident on day 6. Nevertheless, no
germination of Xeda spores could be observed in contact with F. verticillioides. A reduction
of quantity of pathogen spores could be observed with Poly. The action was similar on the
two pathogens with a high proliferation of filaments of Poly from day 3. This BCA had
progressively invaded the pathogenic mycelium and characteristic reproduction structures,
oogonia, could be observed. After 15 days, mature oogonia containing oospores were
starting to come off.

At the end of experiment (20 days), concentrations of mycotoxins diffused on BCAs
suspensions were quantified (Figure 5). Although the nutritional conditions of BCAs were
very restricted, Xeda was able to reduce DON concentration by 62% compared with control.
On the contrary, the presence of Myco strongly stimulated the production of DON by
F. graminearum. No BCAs allowed the inhibition of FB1 diffusion of F. verticillioides in
these conditions.
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Figure 5. Effect of BCAs mycophagous activity against global production of major mycotoxins of
pathogen. Results were obtained after extraction and quantification of mycotoxins in suspension
around well, at the end of mycophagy test (after 20 days at 25 ◦C). Different colors indicate treatment
and different patterns indicate mycotoxins type: F. graminearum, DON (full colors) and F. verticillioides,
FB1 + FB2 (small squares pattern). Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®. ANOVA
test for DON (a, b, c) and FB1 (A), p-value < 0.05.

3.3. BCAs Chitinases Activities

During the growth phase of the microorganisms, the ability of BCAs to produce
enzymes to degrade pathogen walls was tested, especially chitinases. The results showed
how BCAs modulate this activity and their growth according to the presence or absence of
pathogens (Figure 6). On day 7, the presence of the inert pathogen powders stimulated the
enzyme activities of exochitinase 1 and exochitinase 2 by Myco, with a 13-fold increase over
the control on average of activity of exochitinase 1 and exochitinase 2 (Figure 6A). Xeda
had a similar profile with stimulation of exochitinase 1 by F. verticillioides powder (9-fold
increase) and exochitinase 2 by powders of both pathogens (8.5-fold increase on average).
Myco had the additional ability to produce endochitinases, particularly in the presence of
the wall cells of F. verticillioides. However, the two BCAs had contrasting growth behavior
(Figure 6B). After a short delay (5 days), no significant difference of Myco growth between
the modalities with and without the addition of pathogen powders was observed. On the
contrary, the growth of Xeda was particularly stimulated by the presence of pathogens
(10-fold increase on average). The enzymatic activity of Poly did not seem to be affected by
the presence of pathogens, but it showed the ability to produce the three tested chitinases.
Its growth was not modulated by pathogenic fungal wall cells.
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Figure 6. (A) BCAs chitinases activities in presence of pathogens mycelium fragments. Chitinase activity (mU.mL−1) of
BCAs alone or in contact with mycelium powder of pathogen at day 7 or 10 (endochitinase was tested only at day 7). (B)
Dry weight evolution of BCA during chitinase test (g.L−1). Minimum media was liquid and adapted for each BCAs growth.
Cultures were carried out at 25 ◦C under agitation of 150 RPM during 10 days. Exochitinase 1: chitobiosidase activity,
Exochitinase 2: β-N-acetylglucosaminidase activity and Endochitinase: endochitinase activity; G pwd.: F. graminearum
mycelium powder. V pwd.: F. verticillioides mycelium powder; n.d.: not detected. * To confirm the apparent constitutive
synthesis of exochitinase by Poly, supplementary analysis was performed on solid media, and comparable profile was
detected. Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®. ANOVA test, between BCAs (all conditions combined
(Alone, + G.pwd., + V pwd.)) for each chitinase (Exochitinase 1, Exochitinase 2, Endochitinase) and day (day 7 or 10)
analyzed independently (a, b, c, d), p-value < 0.05.

After 10 days, Myco’s chitinolytic activities for exochitinases 1 and 2 were stabilized at
around 16 and 8 mU.mL-1 on average of all modalities, respectively (Figure 6A). For Xeda,
enzyme activities exploded in the presence of pathogenic powders (100-fold for exochiti-
nase 1 and 83-fold for exochitinase 2). Poly retains approximately the same activity over
time with a small stimulation in the presence of pathogen wall cells of F. graminearum.
To confirm the apparent constitutive synthesis of exochitinase by Poly, supplementary
analysis was performed on solid media, and comparable profile was detected.

3.4. BCAs Antimicrobial Volatiles Organic Compounds (VOCs)

BCAs were screened for production of antimicrobial volatile organic compounds
against mycotoxigenic Fusaria in plates (one turned on top of the other) (Figure 7). Re-
garding growth effect, only Xeda seemed to produce VOCs able to reduce the growth of F.
verticillioides by 27% compared to control (Figure 7C). No BCAs influenced the growth of
F. graminearum (Figure 7A). However, it is interesting to note that important effects were
found in the specific production of fungal mycotoxins. F. graminearum mycotoxins were
affected by Poly COVs (67% and 70% of inhibition of DON and 15ADON, respectively);
but especially by Xeda COVs with 82% and 91% of inhibition of DON and 15ADON,
respectively (Figure 7B). Myco were able to produce VOCs which can trigger a reduction by
half of F. verticillioides mycotoxin specific production with 55% and 57% of reduction of FB1
and FB2, respectively. Xeda treatment again induced the lowest quantities of mycotoxins
produced by F. verticillioides with nearly complete inhibition (95% and 98% of reduction
of FB1 and FB2, respectively) (Figure 7D). During the test, macroscopic observation of
the reverse side of the Petri dish system allowed to observe that the VOCs of Xeda in
confrontation against Fusarium pathogens caused an important inhibition of the production
of pigments by both pathogens.
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Figure 7. Effect of VOCs from BCAs against growth (A,C) and mycotoxins production (B,D) of pathogens. (A,B) Dual
culture of BCA-F. graminearum confronted without contact on CYA medium during 8 days (A) and at 8 days (B) at 25 ◦C.
(C,D) Dual culture of BCA-F. verticillioides confronted without contact on PDA medium during 8 days (C) and at 8 days
(D) at 25 ◦C. Different colors indicate treatment and different patterns indicate mycotoxins type. Myco: Mycostop®, Xeda:
Xedavir®, Poly: Polyversum®. ANOVA test independent for each competition modality on area under the growth curves
(AUGCs) (A,C) or specific mycotoxins production at day 8 (B,D), p-value < 0.05.

3.5. BCAs Biotransformation of F. graminearum Mycotoxins

During growth phase, BCAs have shown their ability to reduce pathogenic mycotoxin
concentrations, even independent of growth reduction as detailed in a previous study [21].
An experimental device was developed to identify the capacity of BCAs to degrade, trans-
form or bind mycotoxins of F. graminearum. After 12 days of growth (Figure 8A), it appeared
that Xeda is the only one to act directly on mycotoxin reduction with nearly 55% of myco-
toxin degraded or transformed (respectively, 13%, 32% and 55% of reduction of mycotoxins
after 5, 7 and 12 days of growth). Poly showed a 17% reduction, but this effect was not
significant (respectively, 0%, 2% and 17% of reduction of mycotoxins after 5, 7 and 12 days
of growth). These two BCAs had a good ability to colonize and cover the enriched medium
part of the Petri dish. Black droplets were observed on the Xedavir colony that covered the
mycotoxin medium part (Figure 8B). A diffusion of mycotoxins from the enriched medium
part to the unenriched part was observed in all plates. However, the presence of Xeda
also limited the number of mycotoxins in the free-mycotoxins part of media (compared to
control where diffusion was observed), in addition to reduced amount of mycotoxins in
the enriched part. In Xeda samples, main DON by-products from microbial transformation
known in the literature were searched (DOM-1, 3-epi-DON, 3-keto-DON, [29]). None of
these molecules could be detected in the 5-, 7- or 12-day samples despite the significant
reductions over time.
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Figure 8. BCAs biotransformation of mycotoxin (DON). (A) Remaining mycotoxin of F. graminearum (DON) in CYA medium
(whole dish extraction), 15,000 ng.g-1 of media = 100%, after 12 days of growth of BCAs at 25 ◦C. Control corresponded to
Petri dish without inoculation of microorganisms. (B) Dispositive and visual aspect of Xeda and Poly colonization during
biotransformation test. Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®. ANOVA test, p-value < 0.05.

Considering the similar condition of biotransformation of mycotoxin test and in vitro
dual culture assays detailed in previous study [21], it was possible to hypothesize the
importance of mycotoxin biotransformation proportion over global mycotoxin reduction.
In order to attempt an explanation, the data of both kinetics of the two BCAs previously
considered (Poly and Xeda) were compared. It would appear for Xeda modalities that the
percentage of biotransformation of mycotoxin (respectively, 13%, 32% and 56% of reduction
of mycotoxins after 5, 7 and 12 days of growth) was an important contribution to global
reduction of mycotoxin (respectively, 17%, 64% and 81% of global reduction after 5, 7 and
12 days of growth) and thus as early as the beginning of interaction. On the contrary,
regarding Poly modalities, large differences between the results obtained from the global
mycotoxin reduction during dual culture assay (respectively, 75%, 92% and 81% of global
reduction after 5, 7 and 12 days of growth) and the mycotoxin biotransformation test could
be observed.

3.6. Nutritional Competition between BCAs and Pathogens

The capacity of microorganisms to consume different sources of nitrogen and carbon
was assessed (Figure 9). A selection of major compounds from wheat and maize was
compiled from literature analysis. These compounds were expected to be those for which
pathogen and BCA compete in the plant. Some compounds can be found as carbon and
nitrogen sources because they have been used either as a source of carbon or as a source of
nitrogen (supplemented with glucose).
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Figure 9. Nutritional profiling of BCAs and Fusaria pathogens for cereal compounds (carbon or nitrogen sources).
(A,B) F. graminearum and F. verticillioides, respectively, vs. all BCAs (Myco, Xeda and Poly) for carbon compounds; (C,D) F.
graminearum and F. verticillioides, respectively, vs. all BCAs (Myco, Xeda and Poly) for nitrogen compounds. Both panels
show optical density measurements over a 138h time course at 25 ◦C in phenotype micro-arrays (area under growth curve).
Major elements found in cereals (wheat and maize for F. graminearum and F. verticillioides, respectively) are available in
literature [30–33]. Hierarchical classification and clustering were done with all microorganisms independently. Myco:
Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.

When comparing the nutrient profiles of BCAs and the phytopathogen F. graminearum,
the carbon sources were divided into five clusters with 30% of dissimilarity (Figure 9A).
The black cluster included compounds averagely consumed and mostly by only Myco,
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or Xeda and Myco. The green and blue clusters grouped many compounds for which F.
graminearum and Xeda seemed to compete with high consumption. Increased growth was
observed for F. graminearum (green cluster, notably arabinose and mannose) and Xeda (blue
cluster, mainly sucrose, in direct competition with F. graminearum, galactose and sorbitol).
The last group of carbon sources contained the best sources for the growth of Poly, with in
contrast a low average growth of F. graminearum (notably threonine, alanine and serine).
For the comparison of the nutrient profiles of BCAs and F. verticillioides, the different
nutrient sources were grouped into three clusters (50% of dissimilarity (Figure 9B)). The
red cluster grouped compounds that are highly consumed by all microorganisms except
Poly. In this cluster, mainly F. verticillioides and Xeda were in competition, with once
again a stronger growth of Xeda with sucrose (also widely consumed by F. verticillioides),
galactose and sorbitol. The green cluster included moderately consumed carbon sources,
with a branch of compounds mainly to the advantage of F. verticillioides and one branch of
compounds mainly to the advantage of Myco and/or Xeda BCAs. Threonine remains the
compound which alone most stimulates the growth of Poly compared to other compounds
and microorganisms (blue cluster). The Fusarium pathogens could have very different
nutritional patterns. For example, proline strongly stimulated the growth of F. verticillioides
but less the growth of F. graminearum, or the opposite with glucuronic acid.

The same analysis was performed on the nutrient profiles of microorganisms in the
presence of different nitrogen sources (Figure 9C,D). When comparing the growth of BCAs
and F. graminearum (Figure 9C), some groups of compounds were on average more strongly
assimilated by BCAs, Myco and Xeda, and the pathogen (pink, green and blue clusters, 40%
of dissimilarity); in contrast to Poly which has the best capacity in assimilating nitrogen
sources belonging to the red and black clusters. The pink cluster contained the compounds
that strongly stimulated the growth of F. graminearum in contrast to the blue cluster that
contained the sources that stimulated the growth of Xeda. Figure 9D shows the comparison
of the consumption profiles of different nitrogen sources according to microorganisms
(BCAs and F. verticillioides), and few similar patterns were observed (20% of dissimilarity
between clusters). Globally the first two groups show compounds highly consumed by F.
verticillioides (green and black) in opposition to the BCAs Myco and Xeda which consume
them less. Opposite profile could be observed in the red cluster. The second branch of the
dendrogram (yellow, blue and pink group) shows more competition between BCAs and F.
verticillioides (particularly Xeda, especially on compounds such as phenylalanine, tyrosine
or serine). It should be noted that some compounds such as lysine or valine reduced the
growth of both pathogens compared to Myco.

3.7. Spatial Competition between BCAs and Pathogens

By providing more time and space for the microorganisms to grow, spatial competi-
tion between BCAs and pathogens was tested in nonlimiting nutritional conditions and
contrasted profiles could be observed (Figure 10). In competition with F. graminearum,
Myco is widely outdistanced in terms of its ability to colonize the environment, alone or in
association with the pathogen (Figure 10A). The pathogen outperformed Xeda. However,
this BCA allowed a significant reduction of 30% in the progression of the pathogen from the
contact point (day 10, Figure 10B). Poly was able to colonize the environment faster than F.
graminearum whether alone or in confrontation. It also allowed a significant reduction in
pathogen development from the point of contact (−45%). At the end of kinetics (20 days),
Poly continued to progress over the pathogen’s mycelium (Figure 10C). In competition with
F. verticillioides, Myco was overtaken in spatial competition. However, a slight inhibition of
the pathogen before contact during coculture was observed (Figure 10D). Xeda and Poly
were able to grow faster than the pathogen and won the spatial competition in both cases
(alone or confronted to pathogen). When cocultured, they reduced pathogen colonization
by 70% and 67%, respectively, Figure 10D,E). Overall, the spatial competition induced by
BCAs was more effective on F. verticillioides than on F. graminearum.

Figure 10. Spatial competition between BCAs and pathogens. (A–C): CYA medium nonlimiting with F. graminearum in
competition against Myco, Xeda and Poly, respectively, or each one alone, during 25 days at 25 ◦C. (D–F) PDA medium
nonlimiting with F. verticillioides in competition against Myco, Xeda and Poly, respectively, or each one alone, during 40
days at 25 ◦C. Arrow indicates first contact between BCA and pathogen and star indicates overgrowth of BCA on pathogen
colony; on confrontation curves. Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®. ANOVA test independent for
each competition modality on area under the growth curves (AUGCs), p-value < 0.05.
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3.8. Perithecia Production

At the end of its life cycle, F. graminearum, produces dark morphological structures
with ascospores enclosed, called perithecia, to assure its conservation. The potential of
BCAs to inhibit the synthesis of perithecia was evaluated (Figure 11). F. graminearum
(Control) had produced many perithecia, averaging 0.08 mm in diameter, but all three
BCAs strongly inhibited the formation of its survival structures. Myco caused a slight
re-emergence of pathogenic filaments that did not change into perithecia but were tangled
with its small colonies It strongly inhibited the production of perithecia, with an average
reduction of 81%, and those that did form were quickly covered with thin Myco filaments.
Xeda showed a 75% inhibition of perithecia with a reduction of their development, and
a large decrease in the size of perithecia formed. Poly showed the strongest impact with
88% fewer perithecia, the oomycete covered the perithecia from the beginning of their
formation and prevented their evolution. Moreover, the small number of formed structures
was reduced in size.



J. Fungi 2021, 7, 446 18 of 29

Figure 11. Effect of BCAs on perithecia production of F. graminearum. A. Quantity of perithecia produced by F. graminearum
on carrot agar after 6 days of contact with BCAs at 22 ◦C, B. Visual aspect of treated or control perithecia test, microscopic im-
ages were taken with binocular loupe (×20 and×150 enlargement). Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.
ANOVA test, p-value < 0.05.

4. Discussion

Many studies on biocontrol by microorganisms provide a good overview of the
different mechanisms that can be implemented by BCAs to prevent or stop the progression
of pathogens. It appears that biocontrol is the result of many different types of interactions
between microorganisms in a complex synergy [37,38]. In general, studies focus on the
characterization of mechanisms occurring in different experimental situations and at
different stage of pathogen life cycle [39–42]. In all cases, pathogens are inhibited by
the presence and activities of other microorganisms they encounter. However, to our
knowledge, none of these studies follow the different mechanisms concomitantly or not,
throughout the entire duration of life cycle interaction (from spore germination to pathogen
survival) between different types of BCAs and mycotoxigenic pathogens and under the
same experimental conditions. This work can be considered as a complementary approach
to studies on precise targeted mechanisms involving the characterization of specific genes
or molecules, by providing an integrative view of the interaction [43,44].

4.1. Impact of BCAs on Pathogen Germination

The first contact between BCAs and pathogens can occur as early as the spore ger-
mination phase. In that way, spore germination inhibitors are frequently investigated
as potent BCAs [45]. Our results show that the susceptibility of pathogens to the types
of anti-germinative compounds can be variable. F. graminearum was more sensitive to
secretions produced by BCA spores, suggesting a very early action of BCAs. F. verticil-
lioides is more sensitive to secondary metabolites produced in CFEs, which implies a prior
synthesis of anti-germinative compounds by the BCAs before coming into contact with
the pathogenic spores to inhibit their germination. Adhesion phenomena of BCA spores
around pathogenic spores could also be envisaged as it is the case of lactic acid bacteria
which adhere to yeast [46].

Myco had a strong impact on spore germination of F. verticillioides in particular that are
in line with the anti-germinative effect of Myco against F. verticillioides during microscopic
observations of the first phases of the interaction between these two microorganisms [21].
This effect could be linked to the synthesis of compounds inhibiting the germination of
plant pathogen’s spores identified with other Streptomyces spp., such as fistupyrone or
methyl vinyl ketone [47,48]. Xeda had a major impact on the germination of F. graminearum
spores, and this effect could be related to the synthesis of anti-germinative compounds
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such as viridin, which has been identified for Trichoderma spp. as an inhibitor of spore
germination of different pathogens [14]. Another compound secreted by Trichoderma
asperellum, the 6-pentyl-α-pyrone, has shown a higher effect on the conidia germination
and tube elongation of F. graminearum than F. verticillioides [49].

4.2. Mycophagous Activity of BCAs on Pathogen

After this initial contact, the mycophagy test identified BCAs which were able to grow
only in the presence of alive and active mycelium of pathogens as source of nutrients. In
literature, the mycophagy capacities were investigated mainly in the case of interaction
between bacteria and fungus pathogen, notably in Ballhausen et al. and Rudnick et al.
studies [22,50], on which our research was based to build the experimental device. When
adapting this type of device to study the mycophagous capacity of fungus and oomycete,
many adjustments had to be made. Unexpectedly, many microorganisms have the capacity
to consume gelling agents composed of complex polymers or very distant from their
common consumed compounds (like Phytagel or Kappa). This is why the removal of
all external nutrients was a priority in the design of the experiment. In contrast to the
few studies that have been conducted on bacterial mycophagy, fungal mycophagy, is very
often associated with mycoparasitism. Mycoparasitism is the subject of many research
studies [51] and can be defined as the ability of a mycoparasite to directly attack another
microorganism and was mainly tested under optimal nutritional conditions [52,53]. Most
of them have focused on Trichoderma species [54–56]. It would be interesting to continue
investigations in order to better understand whether the concepts of microbial predation,
mycophagy and mycoparasitism can be considered as the same type of BCA strategy or not.

F. verticillioides is very sensitive to the mycophagous capacities of Myco, with early
development of its colonies during the test (starting from days 4–8). Indeed, bacteria
have found niches in the use of nutrients derived from fungi, with nutritional strategies
from the consumption of mycelial exudates to endosymbiosis and mycophagia [57]. Some
Streptomyces strains have shown mycophagous ability against Aspergillus niger or Gigaspora
gigantea, through the use of sterile sand tests or microscopic observation of interactions [58].
Particular attention was paid to the stimulation of the production of mycotoxin DON by
F. graminearum in the presence of Myco, during the mycophagy test. Microbial or plant
interaction can stimulate the mycotoxin production, as it is the case for other pathogens
such as Penicillium strains [59], or when F. verticilloides are in interaction with its host
plant [60]. Very few studies have been carried out on the subject, contrary to the impact of
abiotic factors, and it seems that this is the first report concerning the stimulation of DON
by a biocontrol agent of genus Streptomyces. F. graminearum is more sensitive to the my-
cophagous capacities of Xeda, confirmed by the temporal aspect of the observations with
development of its colonies very early during the test (from 4–8 days). No mycophagous
activity can be detected in interaction with F. verticillioides, that can be surprising from an
ecological point, because the two species of Fusarium are close and microbial predation was
defined as nonspecific [61]. However, their growth and mycotoxin production profiles are
very different. Xeda, even under limited nutritional conditions, still successfully maintains
the inhibition of mycotoxins produced by F. graminearum, suggesting the use of dedicated
mechanisms. Poly have high colonization capacity that allowed it to rapidly divert nu-
trients from pathogens in the mycophagy test. In addition, a strong stimulation of the
sexual reproduction of this BCA was observed in contact with pathogens. The perception
of ergosterols from the pathogen could trigger this phenomenon as sterols have been
identified as inducers of sexual reproduction [62,63], and give to Poly a supplementary
advantage. Pythium oligandrum has already shown mycoparasitic capacities against fungal
and oomycete pathogens [64]. The same questions remain regarding the boundary between
mycophagy and mycoparasitism.
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4.3. Chitinases Activities of BCAs

During the growth phase of interaction, various weapons were deployed by BCAs
to stop the progression of pathogens, including the synthesis of fungal wall degradation
enzymes. The capacity of diverse BCAs to produce chitinases in particular is widely
known [65]. In our test, the presence of inactivated pathogens in the form of mycelium
powder avoids the use of chitin synthetic media and strongly stimulated enzyme activities,
because they can be considered as an element of pathogen perception by the BCAs. It
might be interesting to introduce this kind of stimulant when formulating BCAs, especially
considering that chitin present in mycelium powder can also stimulate plant defenses [66].
Some studies suggest that chitinolytic enzymes could be directly used as a complement
to pesticides to increase their efficiency against fungal pathogens, in order to reduce the
concentrations required [67]. The simultaneous study of different types of chitinases made
it possible to identify the production of enzyme combinations. Endochitinases cleave
chitin chains in random locations, generating low molecular weight oligomers. The two
exochitinases studied were chitobiosidases which catalyze progressive release of diacetyl-
chitobiose from terminal nonreducing end and N-acetylglucosaminidases which cleaves
oligomeric products obtained by endochitinases into monomers of N-acetyl glucosamine,
respectively [65]. These different and complementary modes of action allow maximum an-
tifungal efficiency, and synergistic antifungal activity has been observed for endochitinases
in association with exochitinase [37,68]. However, very few studies discuss the differential
efficiency of exochitinase intra-family. It seemed that some BCAs produced an exochitinase
preferentially to the other one, like Myco; while others strongly reversed the ratios between
the two exochitinases studied over time, like Xeda which was able to switch between two
chitinase activities. During the first contacts with pathogens, Xeda had already demon-
strated its ability to dissolve Fusarium hyphae through their mycelia [21]. The production
of chitinases by Trichoderma spp. is widely known, and several genes encoding chitin- and
β-glucan-degrading enzymes have been identified in different species [52,69], and can ex-
plain this phenomenon. When quantifying the chitinolytic activities of Xeda, exochitinases
were massively detected, but not endochitinases, unlike other species of Trichoderma able
to produce N-acetylglucosaminidases, endochitinases, and chitobiosidases [70]. However,
other strains of T. asperellum have shown their ability to produce mainly exochitinases
but also small amounts of endochitinase, especially in the contact phase but not in the
pre-contact or post-contact phase with the pathogen under study [71], which may suggest
that chronology plays an important role in the analysis of chitinolytic activities. Another
explanation may be related to the repression of chitinase genes by mycotoxigenic Fusaria
and Deoxynivalenol, as described for the BCA Trichoderma atroviride [43].

In terms of Poly’s chitinolytic activity tests, it was able to produce all the chitinases
tested but constitutively at relatively low levels, under all conditions. These observations
are in accordance with the results obtained during microscopic observation of the inter-
action between Poly and Fusarium pathogens, where the connections between Poly and
pathogenic hyphae were limited in first steps [21]. Despite this, chitinases could play
an important role, notably in association with other lytic enzymes to contribute to the
mycoparasitism mechanism of this BCA. In molecular study, transcripts encoding cellu-
lases, glucanases, and proteases are produced by P. oligandrum which was grown under
biocontrol conditions [72,73].

4.4. Antimicrobial BCAs Volatiles Organics Compounds (VOCs)

In addition to enzymes, BCAs can also produce volatile antifungal and/or anti-
mycotoxigenic compounds. It has been shown that volatile organic compounds (VOCs)
from microorganisms can influence the growth of plant pathogenic fungi [74,75]. Most
preliminary studies on the effect of VOCs on pathogens are conducted in the same manner
as our study [76,77]. Nevertheless, some of the BCAs are able to produce VOCs that inhibit
growth and mycotoxins productions (such as Xeda), while others will specifically inhibit
mycotoxin production. Without possible contact, it would therefore appear that compounds
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synthesized by BCAs can have a direct inhibitory action on both pathogen’s mycotoxin
biosynthesis pathway. In view of the results, the synthesis of volatile compounds could
be a major advantage in the strategy of selected BCAs. However, the identification and
analysis of the volatile interactions between BCAs, as well as the biotic and abiotic factors
that influence these relationships, remains to be elucidated [78,79].

Xeda has also shown abilities to produce antifungal VOCs, with a very effective
inhibition of mycotoxin production by both pathogens. The identification by GC-MS
of compounds produced by Trichoderma spp., such as 6-pentyl-alpha-pyrone, viridiofun-
gin or dimethyl disulfide [80,81] could explain the observed effects. In addition, severe
discolouration of pathogenic colonies was observed. In Fusarium, these pigments like naph-
thoquinone, may be responsible for phytotoxic, insecticidal, antibacterial, and fungicidal
effects [82]. Recently, the synthesis of aurofusarin and the red rubrofusarin, two pigments
produced by F. graminearum, have been directly correlated with the production of myco-
toxins, with health toxicity effects when combined with DON [83]. Xeda could therefore
directly reduce the toxicity of molecules produced by pathogens, through the synthesis of
these VOCs. Poly can also use its ability to produce VOCs, which have a strong impact
on the production of DON mycotoxins. Compared to classical dual culture assay, the
effect is strong enough to be considered as part of Poly’s overall control strategies against
F. graminearum [21]. However, no effect on pathogen growth was detected. Few studies
on the production and characterization of VOCs produced by P. oligandrum have been
performed. However, it appears that P. oligandrum is capable of producing nonidentified
antibiotic and/or antifungal VOCs against different phytopathogens such as F. oxysporum
or Phoma medicaginis [26,84]. Based on our results without contact, this is the first report of
VOCs produced by Poly that could have a direct impact on the mycotoxin biosynthesis
pathways of F. graminearum.

4.5. Biotransformation of F. graminearum Mycotoxins

After a variable contact time, some BCAs are capable of biotransforming the mycotox-
ins produced by F. graminearum [27]. This mode of action includes degradation, binding
and transformation or conjugation of toxins. Detoxification has been identified in Lactic
acid bacteria and Pseudomonas spp. [85,86], and many studies consider similar the reduction
of mycotoxin in dual culture assays and the detoxification and degradation of mycotox-
ins [87]. In our case, significant reductions in the major mycotoxins were observed in the
biotransformation test of toxins previously isolated from the pathogens. The common
by-products resulting from the microbial action on these mycotoxins (e.g., DOM-1, 3-epi-
DON and 3-keto-DON [29]) were searched by HPLC-MS/MS. However, none of them
could be detected. This phenomenon could be explained by the timing of transformation
(mycotoxins could be quickly transformed into these compounds and then into simpler
molecules before analysis at 5, 7 and 12 days), or mycotoxins could be transformed into
new molecules from other mechanisms of biotransformation. In addition, it is important
to mention that the test has been designed to be comparable with the results obtained in
“conventional” dual assays. Indeed, the chosen mycotoxin concentration as well as all the
characteristics of the inoculation and growth have been preserved (position, inoculum
concentration, culture medium, temperature, etc.). For this reason, it is possible to estimate
the proportion of degradation phenomenon in the overall aspect of mycotoxin reduction
by BCAs [21].

Xeda was particularly able to degrade, bind or transform mycotoxin. It was the most
effective in the reduction of mycotoxins, which supports the observations made during tests
to identify particular mechanisms (as mycophagy or VOCs test). This mode of action also
appears to play an important role in global reduction of mycotoxin. Recently, Trichoderma
strains have shown their ability to detoxify DON via glycosylation, or zearalenone, which
supports its interest in detoxification [88,89]. In an unprecedented way, Poly seems to
be able to transform the mycotoxins of F. graminearum. Despite a strong effect on overall
mycotoxin reduction in dual culture assays, the specific degradation activity is weaker
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and later than other BCAs. These patterns seemed to indicate a less important part of
the biotransformation process in the interaction of pathogens. This difference could be
explained by the combination of several mechanisms by Poly to reduce the number of
mycotoxins: slight detoxification but also direct action on the biosynthesis pathways of
mycotoxins. Recently, a study has shown that microorganisms communication in wheat
microbiome regulates epigenetic modifiers that in turn control mycotoxin biosynthesis [90].

4.6. Nutritional Competition between BCAs and Pathogens

During their growth phase, BCAs can also compete with pathogens for different
ecological resources, such as nutrients or space. These mechanisms have been notably
identified in yeasts or yeast-like fungi, that use competition for carbon sources or nitrogen
sources as a major biocontrol mechanism [91,92]. Moreover, BCAs that possess this ability
were more effective in reducing disease development than BCAs with either mycopar-
asitism or antibiosis as its mechanism [93]. Research on the composition of wheat and
corn has allowed the identification of major compounds for which there could potentially
be nutritional competition during contact between BCA and the pathogen on the plant.
The analysis permits to evaluate the demand of a microorganism for a compound and
the potential competition with other microorganisms for this compound. In general, re-
garding carbon compounds, pathogens have highly consumed the essential structural
compounds of cereals such as cellulose (amylopectin α-L-rhamnose, acid α-D-galacturonic
acid, mannose), ß-glucans (glucose) and arabinoxylans (arabinose and xylose). These
profiles were opposite to BCAs, which do not attack the plant directly, but have actu-
ally shown an ability to compete with pathogens, notably on soluble sugars known to
be diverted by the pathogen (sucrose, glucose, etc.) [94], but also released naturally by
the plant and used through symbiosis (e.g., mycorrhizae). Moreover, pathogens were
generally good competitors for the plant’s nitrogen compounds, for many amino acids
and forms of nitrogen that circulate in the plant (nitrate and nitrite). Such a diversity of
plant sugar access mechanisms appears to reflect some of the differences in nutritional
strategies between symbiotic and pathogenic fungi [95]. Other types of devices have been
developed to measure nutrient competition but did not provide such a broad view of the
compounds in competition [96,97]. Nevertheless, regarding Poly which privileges complex
media, therefore, its average growth is lower in the presence of a single source of carbon or
nitrogen. The study of nutritional competition for this BCA would be more adapted on a
complex medium [64], where it has a higher specific growth rate.

4.7. Spatial Competition between BCAs and Pathogens and Potential Antimicrobial Metabolites
Diffusion by BCAs

The space competition test provides a good estimation of the specific growth rates of
microorganisms and the impact of the confrontation between these microorganisms on this
capacity of progression. This mechanism of action is often associated with the production
of degradation enzymes needed to colonize the medium (such as the chitinases). It is also
associated with nutritional competition, but this link remains unclear. Indeed, the ability
to transform various substrates to grow is not necessarily linked to the ability to colonize
and spread over a surface, specific to the species. In order to better understand this mode
of action, the spatial competition test could be improved to visualize the colonization of
microorganisms on more complex matrices by using GUS-transformation [98,99] or by
quantifying specific biomarkers by qPCR for example [100].

4.8. Impact of BCAs on Perithecia Production of F. graminearum

At the end of the life cycle of the pathogen, and in particular for F. graminearum,
the pathogen produces ascospores enclosed in dark structures called perithecia. Plant
infections by ascospores are known to contribute significantly to the severity of head
blight F. graminearum epidemics [101], and residues of infected crops are the main source
of inoculum for epidemics [102]. Despite this, little research has been conducted on the
effect on perithecia of potential or commercially available BCAs for various stages of
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pathogen development. For many years, the traditional carrot agar medium of Klittich and
Leslie [103] has been used to induce sexual reproduction by Fusarium spp. Some BCAs have
shown their ability to reduce perithecia [104], notably Clonostachys rosea [105]. Repeated
foliar applications of BCAs could increase its presence on debris buried in the soil and help
reduce the inoculum of pathogens [106].

All BCAs tested reduced strongly the formation of perithecia. Concerning Myco, to
our knowledge, this is the first report of direct observation of the action of Streptomyces
spp. on the perithecia of F. graminearum. Xeda was also able to directly attack the formed
mature perithecia. Coculture of F. graminearum perithecia with other Trichoderma species
also showed decreases in pigment production, and the outer wall of the perithecia are
deformed [107]. Poly severely limits the formation of perithecia and covers those that have
been formed, mainly due to its strong expansion capacity. This species has already shown
its ability to colonize and inhibit the germination of other survival structures, such as the
sclerotia of the pathogen S. sclerotiorum [108]. However, this is the first time that it is being
considered for the treatment of F. graminearum perithecia in soil, which would make it a
BCA suitable for all phases of the pathogen’s life cycle (coupled with good colonization of
aerial parts).

4.9. BCAs Global Behaviour against Mycotoxigenic Fusarium

Using this toolbox, different global behaviors could be highlighted in the three commer-
cial BCAs studied against mycotoxigenic F. graminearum and F. verticillioides (Appendix A).

Overall, Myco’s biocontrol strategy is based on remote action via the synthesis of
enzymes and antigerminative and antifungal compounds, but also a mixture of hydrolytic
enzymes, that inhibit the progression of pathogens. It could have an effect before contact
and during first closer interactions, through its mycophagous capacities. It has good
nutritional competition capacity for wheat and maize compounds, suggesting a good
establishment in the natural environment, but with limited capacity for spatial competition.
Despite this, having been originally isolated from the soil, its use could be recommended
against perithecia of F. graminearum.

Broadly, Xeda will be able to set up a large panel of antifungal mode of action with
various targets (spores, mycelium or mycotoxins). Direct mechanisms such as the synthesis
of anti-germinating compounds, the production of enzymes or volatile or nonvolatile
antifungal compounds have been identified. It also acts as short-range antagonists, like
many Trichoderma spp., via coiling, mycophagia or spatial competition, which support its
necrotrophic mycoparasite character.

Globally, Poly has a very strong capacity for spatial competition and environmental
colonization, which is a major advantage in the interaction with pathogens. Its strong
capacity to inhibit pathogens occurs throughout the pathogen cycle via mycophagy mecha-
nisms, stimulation of self-reproduction, limitation of growth and mycotoxin production,
and perithecia control, with high efficiency, allowing it to be a major tool in the fight against
mycotoxigenic fungi. However, it presents little aspect of specialization for the pathogens
studied and is an aggressive parasite with a wide host range.

As a result of this very varied and complementary set of experiences, a picture of
the chronology of the interaction between BCAs and mycotoxigenic pathogens could be
described (Figure 12).
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Figure 12. BCAs biocontrol mechanisms activity against pathogenic Fusarium over time. During confrontation between
BCA and mycotoxigenic pathogen, a broad range of weapons can be used by BCAs, from the germination of pathogen,
during growth phase, to conservation under perithecia structure. The best performing BCA(s) for each mechanism of
action are noted as an indication in the third row of the figure. Depending on the BCAs considered, anti-germination
compounds can be synthesized to inhibit the germination of pathogenic spores. The first contacts between microorganisms
causes the formation of particular structures or deformations of pathogenic hyphae. BCAs can coil around the pathogenic
mycelium and block their progression. Even in the absence of nutrients, they may be able to develop colonies around the
active pathogen mycelium through mycophagous activities. BCAs, using a battery of secreted compounds such as cell wall
degrading enzymes (*CWDEs) or antifungal volatile compounds (**VOCs), will limit the spread of the pathogen. BCAs are
also able to directly degrade the mycotoxins produced or inhibit all or part of the biosynthesis pathway of these toxins in
pathogens. Moreover, when the development of microorganisms is more advanced, competitions may occur. BCAs are
able to attract the nutrients necessary for the growth of the pathogen, but also to colonize more space quickly to block the
progression of the Fusarium. At the end of the life cycle of pathogens, BCAs can also prevent the formation of conservative
structure, the perithecia, or interfere with them after they are formed.

5. Conclusions

Through dedicated experiments, this study allowed the identification of biocontrol
mechanisms that occur in the interactions between BCAs and mycotoxigenic pathogens
and highlighted a variety of strategies. Some BCAs have activated a wide variety of
complementary mechanisms, while others have activated fewer modes of action during
interaction but with greater individual effectiveness. Globally, F. graminearum is particu-
larly sensitive to Xedavir activities such as the synthesis of anti-germinative and volatile
anti-mycotoxigenic compounds, as well as mycophageous and chitinolytic activity. F.
verticillioides, although affected by confrontations with Xedavir as well, is more sensitive to
antifungal compounds secreted by Myco in the germination phases and volatile during
growth but also in mycophagy tests. Poly has a more general biocontrol activity and acts
mainly via spatial competition and mycophagy on both pathogens, but also specifically as
for example on F. graminearum mycotoxins via volatile organic compounds. The investi-
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gation of the panoply of the modes of action deployed by the microorganisms could be
more complete by considering an integrative approach combining this approach based on
microbiology and biochemistry with other methods such as phytopathology and molecular
biology, in upcoming studies.
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Appendix A

Synthesis of BCAs Impact and Mechanisms against Mycotoxigenic Fusaria

Figure A1. Overview table of BCAs behaviors and mechanisms of action during confrontation with F. graminearum and
F. verticillioides. The columns indicate the experiments performed. The first columns (2, 3 and 4) present the results obtained
in a previous work [21], the following columns (5–15) present the results obtained during this study, except for the results
concerning the nutritional competition which are not quantitative. The lines indicate the microorganisms involved, lines
6–9: F. verticillioides vs. the different BCAs; lines 10–13: F. graminearum vs. the different BCAs. In each cell, the percentage
of inhibition of the considered pathogenic factor is presented, or if necessary, the raw quantity considered (±standard
deviation). The colors represent the level of inhibition in comparison to other BCAs (from the best performing, in green, to
the worst performing, in red). Myco: Mycostop®, Xeda: Xedavir®, Poly: Polyversum®.



J. Fungi 2021, 7, 446 26 of 29

References
1. Marasas, W.F.O.; Riley, R.T.; Hendricks, K.A.; Stevens, V.L.; Sadler, T.W.; Waes, J.G.-V.; Missmer, S.A.; Cabrera, J.; Torres, O.;

Gelderblom, W.C.A.; et al. Fumonisins Disrupt Sphingolipid Metabolism, Folate Transport, and Neural Tube Development
in Embryo Culture and In Vivo: A Potential Risk Factor for Human Neural Tube Defects among Populations Consuming
Fumonisin-Contaminated Maize. J. Nutr. 2004, 134, 711–716. [CrossRef]

2. Paterson, R.R.M.; Lima, N. How will climate change affect mycotoxins in food? Food Res. Int. 2010, 43, 1902–1914. [CrossRef]
3. Zain, M.E. Impact of mycotoxins on humans and animals. J. Saudi Chem. Soc. 2011, 15, 129–144. [CrossRef]
4. Goswami, R.S.; Kistler, H. Heading for disaster: Fusarium graminearum on cereal crops. Mol. Plant Pathol. 2004, 5, 515–525.

[CrossRef]
5. Jard, G.; Liboz, T.; Mathieu, F.; Guyonvarch, A.; Lebrihi, A. Review of mycotoxin reduction in food and feed: From prevention in

the field to detoxification by adsorption or transformation. Food Addit. Contam. Part A 2011, 28, 1590–1609. [CrossRef] [PubMed]
6. Ji, C.; Fan, Y.; Zhao, L. Review on biological degradation of mycotoxins. Anim. Nutr. 2016, 2, 127–133. [CrossRef] [PubMed]
7. Hassan, Y.I.; He, J.W.; Perilla, N.; Tang, K.; Karlovsky, P.; Zhou, T. The enzymatic epimerization of deoxynivalenol by Devosia

mutans proceeds through the formation of 3-keto-DON intermediate. Sci. Rep. 2017, 7, 6929. [CrossRef]
8. Nourozian, J.; Etebarian, H.R.; Khodakaramian, G. Biological Control of Fusarium graminearum on Wheat by Antagonistic Bacteria.

Songklanakarin J. Sci. Technol. 2006, 28, 29–38.
9. Nicot, P.C.; Alabouvette, C.; Bardin, M.; Blum, B.; Köhl, J.; Ruocco, M. Review of Factors Influencing the Success or Failure of

Biocontrol: Technical, Industrial and Socio-Economic Perspectives. IOBC WPRS Bull. 2012, 78, 95–98.
10. Quecine, M.C.; Kidarsa, T.A.; Goebel, N.C.; Shaffer, B.T.; Henkels, M.D.; Zabriskie, T.M.; Loper, J.E. An Interspecies Signaling

System Mediated by Fusaric Acid Has Parallel Effects on Antifungal Metabolite Production by Pseudomonas protegens Strain Pf-5
and Antibiosis of Fusarium spp. Appl. Environ. Microbiol. 2015, 82, 1372–1382. [CrossRef]

11. Glick, B.R. Beneficial Plant-Bacterial Interactions; Springer: Berlin/Heidelberg, Germany, 2015.
12. Kim, S.H.; Vujanovic, V. Relationship between mycoparasites lifestyles and biocontrol behaviors against Fusarium spp. and

mycotoxins production. Appl. Microbiol. Biotechnol. 2016, 100, 5257–5272. [CrossRef]
13. Wilkins, K. Volatile metabolites from actinomycetes. Chemosphere 1996, 32, 1427–1434. [CrossRef]
14. Reino, J.L.; Guerrero, R.F.; Hernández-Galán, R.; Collado, I.G. Secondary metabolites from species of the biocontrol agent

Trichoderma. Phytochem. Rev. 2007, 7, 89–123. [CrossRef]
15. Hassan, Y.I.; Zhou, T. Promising Detoxification Strategies to Mitigate Mycotoxins in Food and Feed. Toxins 2018, 10, 116.

[CrossRef] [PubMed]
16. Dawson, W.A.J.M.; Jestoi, M.; Rizzo, A.; Nicholson, P.; Bateman, G.L. Field Evaluation of Fungal Competitors of Fusarium

culmorum and F. graminearum, Causal Agents of Ear Blight of Winter Wheat, for the Control of Mycotoxin Production in Grain.
Biocontrol Sci. Technol. 2004, 14, 783–799. [CrossRef]

17. Samsudin, N.I.P.; Medina, A.; Magan, N. Relationship between environmental conditions, carbon utilisation patterns and Niche
Overlap Indices of the mycotoxigenic species Fusarium verticillioides and the biocontrol agent Clonostachys rosea. Fungal Ecol. 2016,
24, 44–52. [CrossRef]

18. Amin, F.; Razdan, V.K.; Mohiddin, F.A.; Bhat, K.A.; Banday, S. Potential of Trichoderma Species as Biocontrol Agents of Soil Borne
Fungal Propagules. J. Phytol. 2010, 2, 38–41.

19. Kunova, A.; Bonaldi, M.; Saracchi, M.; Pizzatti, C.; Chen, X.; Cortesi, P. Selection of Streptomyces against soil borne fungal
pathogens by a standardized dual culture assay and evaluation of their effects on seed germination and plant growth. BMC
Microbiol. 2016, 16, 1–11. [CrossRef]

20. El-Debaiky, S.A. Antagonistic studies and hyphal interactions of the new antagonist Aspergillus piperis against some phy-
topathogenic fungi in vitro in comparison with Trichoderma harzianum. Microb. Pathog. 2017, 113, 135–143. [CrossRef]

21. Pellan, L.; Durand, N.; Martinez, V.; Fontana, A.; Schorr-Galindo, S.; Strub, C. Commercial Biocontrol Agents Reveal Contrasting
Comportments Against Two Mycotoxigenic Fungi in Cereals: Fusarium graminearum and Fusarium verticillioides. Toxins 2020, 12,
152. [CrossRef]

22. Ballhausen, M.-B.; Van Veen, J.A.; Hundscheid, M.P.J.; De Boer, W. Methods for Baiting and Enriching Fungus-Feeding (My-
cophagous) Rhizosphere Bacteria. Front. Microbiol. 2015, 6, 1416. [CrossRef] [PubMed]

23. Shepherd, M.D.; Kharel, M.K.; Bosserman, M.A.; Rohr, J. Laboratory Maintenance of Streptomyces Species. Curr. Protoc. Microbiol.
2010, 18, 10E.1.1–10E.1.8. [CrossRef] [PubMed]

24. Rao, K.M.; Raju, K.S.; Ravisankar, H. Cultural conditions on the production of extracellular enzymes by Trichoderma isolates from
tobacco rhizosphere. Braz. J. Microbiol. 2016, 47, 25–32. [CrossRef]

25. Al-Rawahi, A.K.; Hancock, J.G. Rhizosphere Competence of Pythium oligandrum. Phytopathology 1997, 87, 951–959. [CrossRef]
26. El-Katatny, M.H.; Abdelzaher, H.M.A.; Shoulkamy, M.A. Antagonistic actions of Pythium oligandrum and Trichoderma harzianum

against phytopathogenic fungi (Fusarium oxysporum and Pythium ultimum var. ultimum). Arch. Phytopathol. Plant Prot. 2006, 39,
289–301. [CrossRef]

27. McCormick, S.P. Microbial Detoxification of Mycotoxins. J. Chem. Ecol. 2013, 39, 907–918. [CrossRef]
28. Tian, Y.; Tan, Y.; Liu, N.; Liao, Y.; Sun, C.; Wang, S.; Wu, A. Functional Agents to Biologically Control Deoxynivalenol Contamina-

tion in Cereal Grains. Front. Microbiol. 2016, 7, 395. [CrossRef]
29. Venkatesh, N.; Keller, N.P. Mycotoxins in Conversation with Bacteria and Fungi. Front. Microbiol. 2019, 10, 403. [CrossRef]

http://doi.org/10.1093/jn/134.4.711
http://doi.org/10.1016/j.foodres.2009.07.010
http://doi.org/10.1016/j.jscs.2010.06.006
http://doi.org/10.1111/j.1364-3703.2004.00252.x
http://doi.org/10.1080/19440049.2011.595377
http://www.ncbi.nlm.nih.gov/pubmed/21770849
http://doi.org/10.1016/j.aninu.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/29767078
http://doi.org/10.1038/s41598-017-07319-0
http://doi.org/10.1128/AEM.02574-15
http://doi.org/10.1007/s00253-016-7539-z
http://doi.org/10.1016/0045-6535(96)00051-3
http://doi.org/10.1007/s11101-006-9032-2
http://doi.org/10.3390/toxins10030116
http://www.ncbi.nlm.nih.gov/pubmed/29522477
http://doi.org/10.1080/09583150410001720680
http://doi.org/10.1016/j.funeco.2016.05.010
http://doi.org/10.1186/s12866-016-0886-1
http://doi.org/10.1016/j.micpath.2017.10.041
http://doi.org/10.3390/toxins12030152
http://doi.org/10.3389/fmicb.2015.01416
http://www.ncbi.nlm.nih.gov/pubmed/26733962
http://doi.org/10.1002/9780471729259.mc10e01s18
http://www.ncbi.nlm.nih.gov/pubmed/20812215
http://doi.org/10.1016/j.bjm.2015.11.007
http://doi.org/10.1094/PHYTO.1997.87.9.951
http://doi.org/10.1080/03235400500222396
http://doi.org/10.1007/s10886-013-0321-0
http://doi.org/10.3389/fmicb.2016.00395
http://doi.org/10.3389/fmicb.2019.00403


J. Fungi 2021, 7, 446 27 of 29

30. Englyst, H. Classification and measurement of plant polysaccharides. Anim. Feed. Sci. Technol. 1989, 23, 27–42. [CrossRef]
31. Knudsen, K.E.B. Carbohydrate and lignin contents of plant materials used in animal feeding. Anim. Feed. Sci. Technol. 1997, 67,

319–338. [CrossRef]
32. Wang, L.; Xu, C.; Qu, M.; Zhang, J. Kernel amino acid composition and protein content of introgression lines from Zea mays ssp.

mexicana into cultivated maize. J. Cereal Sci. 2008, 48, 387–393. [CrossRef]
33. Ain, H.B.U.; Saeed, F.; Khan, M.A.; Niaz, B.; Tufail, T.; Anjum, F.M.; Hussain, S.; Rohi, M. Isolation and characterization of cereal

cell walls. Int. J. Food Prop. 2019, 22, 130–137. [CrossRef]
34. Urban, M.; Mott, E.; Farley, T.; Hammond-Kosack, K. The Fusarium graminearum MAP1 gene is essential for pathogenicity and

development of perithecia. Mol. Plant Pathol. 2003, 4, 347–359. [CrossRef]
35. Cavinder, B.; Sikhakolli, U.; Fellows, K.M.; Trail, F. Sexual Development and Ascospore Discharge in Fusarium graminearum. J. Vis.

Exp. 2012, 61, e3895. [CrossRef] [PubMed]
36. Laurent, B. Base Génétique et Potentiel d’Évolution de La Pathogénicité de Fusarium Graminearum, Bio-Agresseur Fongique Des Céréales;

Université de Bordeaux: Bordeaux, France, 2016.
37. Someya, N.; Nakajima, M.; Hirayae, K.; Hibi, T.; Akutsu, K. Synergistic Antifungal Activity of Chitinolytic Enzymes and

Prodigiosin Produced by Biocontrol Bacterium, Serratia marcescens Strain B2 against Gray Mold Pathogen, Botrytis cinerea. J. Gen.
Plant Pathol. 2001, 67, 312–317. [CrossRef]

38. Fogliano, V.; Ballio, A.; Gallo, M.; Woo, S.; Scala, F.; Lorito, M. Pseudomonas Lipodepsipeptides and Fungal Cell Wall-Degrading
Enzymes Act Synergistically in Biological Control. Mol. Plant-Microbe Interact. 2002, 15, 323–333. [CrossRef] [PubMed]

39. Audenaert, K.; Pattery, T.; Cornelis, P.; Höfte, M. Induction of Systemic Resistance to Botrytis cinerea in Tomato by Pseudomonas
aeruginosa 7NSK2: Role of Salicylic Acid, Pyochelin, and Pyocyanin. Mol. Plant-Microbe Interact. 2002, 15, 1147–1156. [CrossRef]

40. Joo, G.-J. Purification and Characterization of an Extracellular Chitinase from the Antifungal Biocontrol Agent Streptomyces
halstedii. Biotechnol. Lett. 2005, 27, 1483–1486. [CrossRef]

41. Ambrico, A.; Trupo, M. Efficacy of cell free supernatant from Bacillus subtilis ET-1, an Iturin A producer strain, on biocontrol of
green and gray mold. Postharvest Biol. Technol. 2017, 134, 5–10. [CrossRef]

42. Tang, J.; Ding, Y.; Nan, J.; Yang, X.; Sun, L.; Zhao, X.; Jiang, L. Transcriptome sequencing and ITRAQ reveal the detoxification
mechanism of Bacillus GJ1, a potential biocontrol agent for Huanglongbing. PLoS ONE 2018, 13, e0200427. [CrossRef]

43. Lutz, M.P.; Feichtinger, G.; Défago, G.; Duffy, B. Mycotoxigenic Fusarium and Deoxynivalenol Production Repress Chitinase Gene
Expression in the Biocontrol Agent Trichoderma atroviride P1. Appl. Environ. Microbiol. 2003, 69, 3077–3084. [CrossRef]

44. Reithner, B.; Brunner, K.; Schuhmacher, R.; Peissl, I.; Seidl, V.; Krska, R.; Zeilinger, S. The G protein α subunit Tga1 of Trichoderma
atroviride is involved in chitinase formation and differential production of antifungal metabolites. Fungal Genet. Biol. 2005, 42,
749–760. [CrossRef]

45. Miyagawa, H.; Inoue, M.; Yamanaka, H.; Tsurushima, T.; Ueno, T. Chemistry of Spore Germination Self-Inhibitors from the Plant
Pathogenic Fungus Colletotrichum fragariae. ACS Symp. Ser. 2000, 774, 62–71. [CrossRef]

46. León-Romero, Á.; Domínguez-Manzano, J.; Garrido-Fernández, A.; Arroyo-López, F.N.; Jiménez-Díaz, R. Formation of In
VitroMixed-Species Biofilms by Lactobacillus pentosus and Yeasts Isolated from Spanish-Style Green Table Olive Fermentations.
Appl. Environ. Microbiol. 2015, 82, 689–695. [CrossRef] [PubMed]

47. Igarashi, Y. Screening of Novel Bioactive Compounds from Plant-Associated Actinomycetes. Actinomycetologica 2004, 18, 63–66.
[CrossRef]

48. Wang, C.; Wang, Z.; Qiao, X.; Li, Z.; Li, F.; Chen, M.; Wang, Y.; Huang, Y.; Cui, H. Antifungal activity of volatile organic
compounds from Streptomyces alboflavus TD-1. FEMS Microbiol. Lett. 2013, 341, 45–51. [CrossRef] [PubMed]

49. El-Hasan, A.; Walker, F.; Schöne, J.; Buchenauer, H. Antagonistic effect of 6-pentyl-alpha-pyrone produced by Trichoderma
harzianum toward Fusarium moniliforme. J. Plant Dis. Prot. 2007, 114, 62–68. [CrossRef]

50. Rudnick, M.; van Veen, J.; de Boer, W. Baiting of rhizosphere bacteria with hyphae of common soil fungi reveals a diverse group
of potentially mycophagous secondary consumers. Soil Biol. Biochem. 2015, 88, 73–82. [CrossRef]

51. Harman, G.E. Overview of Mechanisms and Uses of Trichoderma spp. Phytopathology 2006, 96, 190–194. [CrossRef]
52. Yang, P. Pathogenic Fungi Induce the Expression of Trichoderma asperellum Cell Wall Degrading Enzymes in the Process of

Mycoparasitism. Adv. Mater. Res. 2014, 937, 282–285. [CrossRef]
53. Bhat, K.A. A New Agar Plate Assisted Slide Culture Technique to Study Mycoparasitism of Trichoderma sp. on Rhizoctonia solani

and Fusarium oxysporium. Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 3176–3180. [CrossRef]
54. Guzmán-Guzmán, P.; Alemán-Duarte, M.I.; Delaye, L.; Herrera-Estrella, A.; Olmedo-Monfil, V. Identification of effector-like

proteins in Trichoderma spp. and role of a hydrophobin in the plant-fungus interaction and mycoparasitism. BMC Genet. 2017, 18,
16. [CrossRef]

55. Ben Amira, M.; Mom, R.; Lopez, D.; Chaar, H.; Khouaja, A.; Pujade-Renaud, V.; Fumanal, B.; Gousset-Dupont, A.; Bronner, G.;
Label, P.; et al. MIP diversity from Trichoderma: Structural considerations and transcriptional modulation during mycoparasitic
association with Fusarium solani olive trees. PLoS ONE 2018, 13, e0193760. [CrossRef] [PubMed]

56. Mokhtari, W. Mycoparasitism of Trichoderma spp. Against Phytophthora capsici and Rhizoctonia solani. Int. J. Pure Appl. Biosci. 2018,
6, 14–19. [CrossRef]

57. Frey-Klett, P.; Burlinson, P.; Deveau, A.; Barret, M.; Tarkka, M.; Sarniguet, A. Bacterial-Fungal Interactions: Hyphens between
Agricultural, Clinical, Environmental, and Food Microbiologists. Microbiol. Mol. Biol. Rev. 2011, 75, 583–609. [CrossRef]

http://doi.org/10.1016/0377-8401(89)90087-4
http://doi.org/10.1016/S0377-8401(97)00009-6
http://doi.org/10.1016/j.jcs.2007.09.014
http://doi.org/10.1080/10942912.2019.1573832
http://doi.org/10.1046/j.1364-3703.2003.00183.x
http://doi.org/10.3791/3895
http://www.ncbi.nlm.nih.gov/pubmed/22491175
http://doi.org/10.1007/PL00013038
http://doi.org/10.1094/MPMI.2002.15.4.323
http://www.ncbi.nlm.nih.gov/pubmed/12026170
http://doi.org/10.1094/MPMI.2002.15.11.1147
http://doi.org/10.1007/s10529-005-1315-y
http://doi.org/10.1016/j.postharvbio.2017.08.001
http://doi.org/10.1371/journal.pone.0200427
http://doi.org/10.1128/AEM.69.6.3077-3084.2003
http://doi.org/10.1016/j.fgb.2005.04.009
http://doi.org/10.1021/bk-2001-0774.ch006
http://doi.org/10.1128/AEM.02727-15
http://www.ncbi.nlm.nih.gov/pubmed/26567305
http://doi.org/10.3209/saj.18_63
http://doi.org/10.1111/1574-6968.12088
http://www.ncbi.nlm.nih.gov/pubmed/23351181
http://doi.org/10.1007/BF03356205
http://doi.org/10.1016/j.soilbio.2015.04.015
http://doi.org/10.1094/PHYTO-96-0190
http://doi.org/10.4028/www.scientific.net/AMR.937.282
http://doi.org/10.20546/ijcmas.2017.608.378
http://doi.org/10.1186/s12863-017-0481-y
http://doi.org/10.1371/journal.pone.0193760
http://www.ncbi.nlm.nih.gov/pubmed/29543834
http://doi.org/10.18782/2320-7051.6883
http://doi.org/10.1128/MMBR.00020-11


J. Fungi 2021, 7, 446 28 of 29

58. Leveau, J.H.J.; Preston, G.M. Bacterial mycophagy: Definition and diagnosis of a unique bacterial–fungal interaction. New Phytol.
2008, 177, 859–876. [CrossRef]

59. Paterson, R.R.M. Some fungicides and growth inhibitor/biocontrol-enhancer 2-deoxy-d-glucose increase patulin from Penicillium
expansum strains in vitro. Crop Prot. 2007, 26, 543–548. [CrossRef]

60. Picot, A.; Barreau, C.; Pinson-Gadais, L.; Caron, D.; Lannou, C.; Richard-Forget, F. Factors of the Fusarium verticillioides-maize
environment modulating fumonisin production. Crit. Rev. Microbiol. 2010, 36, 221–231. [CrossRef] [PubMed]

61. Pal, K.K.; Gardener, B.M. Biological Control of Plant Pathogens. Plant Health Instr. 2006. [CrossRef]
62. Hendrix, J.W. Sterol Induction of Reproduction and Stimulation of Growth of Pythium and Phytophthora. Science 1964, 144,

1028–1029. [CrossRef]
63. Cliquet, S.; Tirilly, Y. Development of a Defined Medium for Pythium oligandrum Oospore Production. Biocontrol Sci. Technol. 2002,

12, 455–467. [CrossRef]
64. Benhamou, N.; Le Floch, G.; Vallance, J.; Gerbore, J.; Grizard, D.; Rey, P. Pythium oligandrum: An example of opportunistic success.

Microbiology 2012, 158, 2679–2694. [CrossRef] [PubMed]
65. Brzezinska, M.S.; Jankiewicz, U.; Burkowska, A.; Walczak, M. Chitinolytic Microorganisms and Their Possible Application in

Environmental Protection. Curr. Microbiol. 2014, 68, 71–81. [CrossRef]
66. Katiyar, D.; Hemantaranjan, A.; Singh, B. Chitosan as a promising natural compound to enhance potential physiological responses

in plant: A review. Indian J. Plant Physiol. 2015, 20, 1–9. [CrossRef]
67. Dahiya, N.; Tewari, R.; Hoondal, G.S. Biotechnological aspects of chitinolytic enzymes: A review. Appl. Microbiol. Biotechnol. 2006,

71, 773–782. [CrossRef] [PubMed]
68. Viterbo, A.; Ramot, O.; Chemin, L.; Chet, I.; Chernin, L. Significance of lytic enzymes from Trichoderma spp. in the biocontrol of

fungal plant pathogens. Antonie Van Leeuwenhoek 2002, 81, 549–556. [CrossRef]
69. Ramada, M.H.S.; Steindorff, A.S.; Bloch, C.; Ulhoa, C.J. Secretome analysis of the mycoparasitic fungus Trichoderma harzianum ALL

42 cultivated in different media supplemented with Fusarium solanicell wall or glucose. Proteomics 2016, 16, 477–490. [CrossRef]
70. Haran, S.; Schickler, H.; Oppenheim, A.; Chet, I. New components of the chitinolytic system of Trichoderma harzianum. Mycol. Res.

1995, 99, 441–446. [CrossRef]
71. Guigon, C.; Vargas-Albores, F.; Guerrero-Prieto, V.; Ruocco, M.; Lorito, M. Changes in Trichoderma asperellum enzyme expression

during parasitism of the cotton root rot pathogen Phymatotrichopsis omnivora. Fungal Biol. 2015, 119, 264–273. [CrossRef]
72. Benhamou, N.; Rey, P.; Picard, K.; Tirilly, Y. Ultrastructural and Cytochemical Aspects of the Interaction between the Mycoparasite

Pythium oligandrum and Soilborne Plant Pathogens. Phytopathology 1999, 89, 506–517. [CrossRef]
73. Horner, N.R.; Grenville-Briggs, L.J.; van West, P. The oomycete Pythium oligandrum expresses putative effectors during mycopara-

sitism of Phytophthora infestans and is amenable to transformation. Fungal Biol. 2012, 116, 24–41. [CrossRef] [PubMed]
74. Alström, S. Characteristics of Bacteria from Oilseed Rape in Relation to their Biocontrol Activity against Verticillium dahliae. J.

Phytopathol. 2001, 149, 57–64. [CrossRef]
75. Giorgio, A.; De Stradis, A.; Cantore, P.L.; Iacobellis, N.S. Biocide effects of volatile organic compounds produced by potential

biocontrol rhizobacteria on Sclerotinia sclerotiorum. Front. Microbiol. 2015, 6, 1056. [CrossRef]
76. Lahlali, R.; Hijri, M. Screening, identification and evaluation of potential biocontrol fungal endophytes against Rhizoctonia solani

AG3 on potato plants. FEMS Microbiol. Lett. 2010, 311, 152–159. [CrossRef]
77. Qualhato, T.F.; Lopes, F.Á.C.; Steindorff, A.S.; Brandão, R.S.; Jesuíno, R.S.A.; Ulhoa, C.J. Mycoparasitism studies of Trichoderma

species against three phytopathogenic fungi: Evaluation of antagonism and hydrolytic enzyme production. Biotechnol. Lett. 2013,
35, 1461–1468. [CrossRef] [PubMed]

78. Fernando, W.D.; Ramarathnam, R.; Krishnamoorthy, A.S.; Savchuk, S.C. Identification and use of potential bacterial organic
antifungal volatiles in biocontrol. Soil Biol. Biochem. 2005, 37, 955–964. [CrossRef]

79. Campos, V.P.; De Pinho, R.S.C.; Freire, E.S. Volatiles produced by interacting microorganisms potentially useful for the control of
plant pathogens. Ciênc. Agrotec. 2010, 34, 525–535. [CrossRef]

80. El-Hasan, A.; Walker, F.; Schöne, J.; Buchenauer, H. Detection of viridiofungin A and other antifungal metabolites excreted by
Trichoderma harzianum active against different plant pathogens. Eur. J. Plant Pathol. 2009, 124, 457–470. [CrossRef]

81. Chen, J.-L.; Sun, S.-Z.; Miao, C.-P.; Wu, K.; Chen, Y.-W.; Xu, L.-H.; Guan, H.-L.; Zhao, L.-X. Endophytic Trichoderma gamsii YIM
PH30019: A promising biocontrol agent with hyperosmolar, mycoparasitism, and antagonistic activities of induced volatile
organic compounds on root-rot pathogenic fungi of Panax notoginseng. J. Ginseng Res. 2016, 40, 315–324. [CrossRef]

82. Medentsev, A.G.; Arinbasarova, A.I.; Akimenko, V.K. Biosynthesis of Naphthoquinone Pigments by Fungi of the Genus Fusarium.
Prikl. Biokhim. Mikrobiol. 2005, 41, 573–577. [CrossRef]

83. Cambaza, E. Comprehensive Description of Fusarium graminearum Pigments and Related Compounds. Foods 2018, 7, 165.
[CrossRef] [PubMed]

84. Bradshaw-Smith, R.; Whalley, W.; Craig, G. Interactions between Pythium oligandrum and the fungal footrot pathogens of peas.
Mycol. Res. 1991, 95, 861–865. [CrossRef]

85. Juodeikiene, G.; Bartkiene, E.; Cernauskas, D.; Cizeikiene, D.; Zadeike, D.; Lele, V.; Bartkevics, V. Antifungal activity of lactic acid
bacteria and their application for Fusarium mycotoxin reduction in malting wheat grains. LWT 2018, 89, 307–314. [CrossRef]

86. Ben Taheur, F.; Kouidhi, B.; Al Qurashi, Y.M.A.; Ben Salah-Abbès, J.; Chaieb, K. Review: Biotechnology of mycotoxins detoxifica-
tion using microorganisms and enzymes. Toxicon 2019, 160, 12–22. [CrossRef]

http://doi.org/10.1111/j.1469-8137.2007.02325.x
http://doi.org/10.1016/j.cropro.2006.05.005
http://doi.org/10.3109/10408411003720209
http://www.ncbi.nlm.nih.gov/pubmed/20367551
http://doi.org/10.1094/PHI-A-2006-1117-02
http://doi.org/10.1126/science.144.3621.1028
http://doi.org/10.1080/09583150220146031
http://doi.org/10.1099/mic.0.061457-0
http://www.ncbi.nlm.nih.gov/pubmed/22977087
http://doi.org/10.1007/s00284-013-0440-4
http://doi.org/10.1007/s40502-015-0139-6
http://doi.org/10.1007/s00253-005-0183-7
http://www.ncbi.nlm.nih.gov/pubmed/16249876
http://doi.org/10.1023/A:1020553421740
http://doi.org/10.1002/pmic.201400546
http://doi.org/10.1016/S0953-7562(09)80642-4
http://doi.org/10.1016/j.funbio.2014.12.013
http://doi.org/10.1094/PHYTO.1999.89.6.506
http://doi.org/10.1016/j.funbio.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/22208599
http://doi.org/10.1046/j.1439-0434.2001.00585.x
http://doi.org/10.3389/fmicb.2015.01056
http://doi.org/10.1111/j.1574-6968.2010.02084.x
http://doi.org/10.1007/s10529-013-1225-3
http://www.ncbi.nlm.nih.gov/pubmed/23690037
http://doi.org/10.1016/j.soilbio.2004.10.021
http://doi.org/10.1590/S1413-70542010000300001
http://doi.org/10.1007/s10658-009-9433-3
http://doi.org/10.1016/j.jgr.2015.09.006
http://doi.org/10.1007/s10438-005-0091-8
http://doi.org/10.3390/foods7100165
http://www.ncbi.nlm.nih.gov/pubmed/30301164
http://doi.org/10.1016/S0953-7562(09)80050-6
http://doi.org/10.1016/j.lwt.2017.10.061
http://doi.org/10.1016/j.toxicon.2019.02.001


J. Fungi 2021, 7, 446 29 of 29

87. Zhu, Y.; Hassan, Y.I.; Lepp, D.; Shao, S.; Zhou, T. Strategies and Methodologies for Developing Microbial Detoxification Systems
to Mitigate Mycotoxins. Toxins 2017, 9, 130. [CrossRef] [PubMed]

88. Tian, Y.; Tan, Y.; Yan, Z.; Liao, Y.; Chen, J.; De Boevre, M.; De Saeger, S.; Wu, A. Antagonistic and Detoxification Potentials of
Trichoderma Isolates for Control of Zearalenone (ZEN) Producing Fusarium graminearum. Front. Microbiol. 2018, 8, 2710. [CrossRef]

89. Tian, Y.; Tan, Y.; Liu, N.; Yan, Z.; Liao, Y.; Chen, J.; De Saeger, S.; Yang, H.; Zhang, Q.; Wu, A. Detoxification of Deoxynivalenol via
Glycosylation Represents Novel Insights on Antagonistic Activities of Trichoderma when Confronted with Fusarium graminearum.
Toxins 2016, 8, 335. [CrossRef] [PubMed]

90. Chen, Y.; Wang, J.; Yang, N.; Wen, Z.; Sun, X.; Chai, Y.; Ma, Z. Wheat microbiome bacteria can reduce virulence of a plant
pathogenic fungus by altering histone acetylation. Nat. Commun. 2018, 9, 1–14. [CrossRef]

91. Bencheqroun, S.K.; Bajji, M.; Massart, S.; Labhilili, M.; El Jaafari, S.; Jijakli, M.H. In vitro and in situ study of postharvest apple
blue mold biocontrol by Aureobasidium pullulans: Evidence for the involvement of competition for nutrients. Postharvest Biol.
Technol. 2007, 46, 128–135. [CrossRef]

92. Magallon-Andalon, C.; Luna-Solano, G.; Ragazzo-Sanchez, J.A.; Calderon-Santoyo, M. Parasitism and Substrate Competitions
Effect of Antagonistic Yeasts for Biocontrol of Colletotrichum gloeosporioides in Papaya (Carica papaya L.) Var Maradol. Mex. J. Sci.
Res. 2012, 1, 2–9.

93. Xu, X.; Salama, N.; Jeffries, P.; Jeger, M.J. Numerical Studies of Biocontrol Efficacies of Foliar Plant Pathogens in Relation to the
Characteristics of a Biocontrol Agent. Phytopathology 2010, 100, 814–821. [CrossRef]

94. Fernandez, J.; Marroquin-Guzman, M.; Wilson, R.A. Mechanisms of Nutrient Acquisition and Utilization During Fungal Infections
of Leaves. Annu. Rev. Phytopathol. 2014, 52, 155–174. [CrossRef]

95. Bonfante, P.; Genre, A. Mechanisms underlying beneficial plant–fungus interactions in mycorrhizal symbiosis. Nat. Commun.
2010, 1, 48. [CrossRef] [PubMed]

96. Celar, F. Competition for ammonium and nitrate forms of nitrogen between some phytopathogenic and antagonistic soil fungi.
Biol. Control 2003, 28, 19–24. [CrossRef]

97. Liu, P.; Luo, L.; Long, C.-A. Characterization of competition for nutrients in the biocontrol of Penicillium italicum by Kloeckera
apiculata. Biol. Control 2013, 67, 157–162. [CrossRef]

98. Thrane, C.; Jensen, D.F.; Tronsmo, A. Substrate Colonization, Strain Competition, Enzyme Production in Vitro, and Biocontrol of
Pythium ultimum by Trichoderma Spp. Isolates P1 and T3. Eur. J. Plant Pathol. 2000, 106, 106. [CrossRef]

99. Gardiner, D.M.; Kazan, K.; Manners, J.M. Nutrient profiling reveals potent inducers of trichothecene biosynthesis in Fusarium
graminearum. Fungal Genet. Biol. 2009, 46, 604–613. [CrossRef] [PubMed]

100. Matarese, F.; Sarrocco, S.; Gruber, S.; Seidl-Seiboth, V.; Vannacci, G. Biocontrol of Fusarium head blight: Interactions between
Trichoderma and mycotoxigenic Fusarium. Microbiol. 2012, 158, 98–106. [CrossRef]

101. Fernando, W.G.D.; Paulitz, T.C.; Seaman, W.L.; Dutilleul, P.; Miller, J.D. Head Blight Gradients Caused by Gibberella zeae from
Area Sources of Inoculum in Wheat Field Plots. Phytopathology 1997, 87, 414–421. [CrossRef]

102. Luongo, L.; Galli, M.; Corazza, L.; Meekes, E.; De Haas, L.; Van Der Plas, C.L.; Kohl, J. Potential of fungal antagonists for
biocontrol of Fusarium spp. in wheat and maize through competition in crop debris. Biocontrol Sci. Technol. 2005, 15, 229–242.
[CrossRef]

103. Klittich, C.; Correll, J.; Leslie, J. Inheritance of sectoring frequency in Fusarium moniliforme (Gibberella fujikuroi). Exp. Mycol. 1988,
12, 289–294. [CrossRef]

104. Bujold, I.; Paulitz, T.C.; Carisse, O. Effect of Microsphaeropsis sp. on the Production of Perithecia and Ascospores of Gibberella zeae.
Plant Dis. 2001, 85, 977–984. [CrossRef] [PubMed]

105. Xue, A.G.; Chen, Y.; Voldeng, H.D.; Fedak, G.; Savard, M.E.; Längle, T.; Zhang, J.; Harman, G.E. Concentration and cultivar effects
on efficacy of CLO-1 biofungicide in controlling Fusarium head blight of wheat. Biol. Control. 2014, 73, 2–7. [CrossRef]

106. Köhl, J.; Fokkema, N.J. Strategies for Biological Control of Necrotrophic Fungal Foliar Pathogens; Marcel Dekker: New York, NY, USA,
1998; pp. 49–88.

107. Inch, S.; Gilbert, J. Scanning electron microscopy observations of the interaction between Trichoderma harzianum and perithecia of
Gibberella zeae. Mycologia 2011, 103, 1–9. [CrossRef]

108. Madsen, A.M.; De Neergaard, E. Interactions between the Mycoparasite Pythium oligandrum and Sclerotia of the Plant Path-ogen
Sclerotinia sclerotiorum. Eur. J. Plant Pathol. 1999, 105. [CrossRef]

http://doi.org/10.3390/toxins9040130
http://www.ncbi.nlm.nih.gov/pubmed/28387743
http://doi.org/10.3389/fmicb.2017.02710
http://doi.org/10.3390/toxins8110335
http://www.ncbi.nlm.nih.gov/pubmed/27854265
http://doi.org/10.1038/s41467-018-05683-7
http://doi.org/10.1016/j.postharvbio.2007.05.005
http://doi.org/10.1094/PHYTO-100-8-0814
http://doi.org/10.1146/annurev-phyto-102313-050135
http://doi.org/10.1038/ncomms1046
http://www.ncbi.nlm.nih.gov/pubmed/20975705
http://doi.org/10.1016/S1049-9644(03)00049-5
http://doi.org/10.1016/j.biocontrol.2013.07.011
http://doi.org/10.1023/A:1008798825014
http://doi.org/10.1016/j.fgb.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19406250
http://doi.org/10.1099/mic.0.052639-0
http://doi.org/10.1094/PHYTO.1997.87.4.414
http://doi.org/10.1080/09583150400016852
http://doi.org/10.1016/0147-5975(88)90044-8
http://doi.org/10.1094/PDIS.2001.85.9.977
http://www.ncbi.nlm.nih.gov/pubmed/30823113
http://doi.org/10.1016/j.biocontrol.2014.02.010
http://doi.org/10.3852/09-285
http://doi.org/10.1023/A:1008706401496

	Introduction 
	Materials and Methods 
	Microorganisms, Culture Media and Mycotoxin Analysis 
	Fusaria Species 
	Commercial Biocontrol Agents (BCAs) 
	Mycotoxin Analysis 

	Toolbox 
	Impact of BCAs on Pathogen Germination 
	Mycophagous Activity of BCAs on Pathogen 
	Chitinases Activities of BCAs 
	Antimicrobial BCAs Volatiles Organics Compounds (VOCs) 
	Biotransformation of F. graminearum Mycotoxins 
	Nutritional Competition between BCAs and Pathogens 
	Spatial Competition between BCAs and Pathogens and Potential Antimicrobial Metabolites Diffusion by BCAs 
	Impact of BCAs on Perithecia Production of F. graminearum 
	Data Expression and Statistical Analysis 


	Results 
	Impact of BCAs on Pathogens Germination 
	Mycophagous Activity of BCAs on Pathogens 
	BCAs Chitinases Activities 
	BCAs Antimicrobial Volatiles Organic Compounds (VOCs) 
	BCAs Biotransformation of F. graminearum Mycotoxins 
	Nutritional Competition between BCAs and Pathogens 
	Spatial Competition between BCAs and Pathogens 
	Perithecia Production 

	Discussion 
	Impact of BCAs on Pathogen Germination 
	Mycophagous Activity of BCAs on Pathogen 
	Chitinases Activities of BCAs 
	Antimicrobial BCAs Volatiles Organics Compounds (VOCs) 
	Biotransformation of F. graminearum Mycotoxins 
	Nutritional Competition between BCAs and Pathogens 
	Spatial Competition between BCAs and Pathogens and Potential Antimicrobial Metabolites Diffusion by BCAs 
	Impact of BCAs on Perithecia Production of F. graminearum 
	BCAs Global Behaviour against Mycotoxigenic Fusarium 

	Conclusions 
	
	References

