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Abstract: Durum wheat grain can accumulate mycotoxins because it is highly sensitive to infections
caused by pathogens of the genera Fusarium and Alternaria. Reduced fungicide use increases the
demand for biological methods of pathogen control. The aim of the experiment was to evaluate the
efficacy of Debaryomyces hansenii (Dh) yeast in reducing the content of secondary fungal metabolites
present in the spikes of five durum wheat cultivars grown in southern and northern Poland. A total
of 27 Fusarium metabolites and nine metabolites produced by other fungi were identified in the grain.
The application of the Dh yeast strain decreased deoxynivalenol concentration in all samples relative
to control treatments (by 14-100%) and treatments inoculated with F. graminearum (by 23-100%).
In northern Poland, the biological treatment also led to a considerable reduction in the content of
culmorin (by 83.2-100%) and enniatins Al and B (by 9.5-65.3% and 6.7-70%, respectively) in the
grain. An analysis of multiple fungal metabolites is a highly useful tool for determining grain quality
and its suitability for consumption. When applied in the flowering stage, yeasts can partly complete
fungicides in reducing Fusarium head blight.

Keywords: mycotoxins; Fusarium; Alternaria; durum wheat; antagonistic yeasts

1. Introduction

Progressing climate change creates increasingly favorable conditions for the cultivation
of durum wheat (Triticum durum (Desf.)) in Poland. This species is tolerant to drought, and
it is grown mainly in warmer European regions [1,2]. In recent years, the area under durum
wheat in Poland has increased to more than 2000 hectares, and this crop is produced in all
Polish regions [2]. However, the introduction of durum wheat to new areas is accompanied
by the risk of the emergence of virulent and polyphagous pathogens that infect spikes [3,4].
Species of the genera Fusarium and Alternaria, the causative agents of Fusarium head
blight (FHB) as well as sooty head molds and black point, respectively, produce numerous
mycotoxins and pose the greatest threat to the quality of T. durum grain [3,5].

Species of the genus Fusarium are particularly dangerous for cereal crops. More
than 20 Fusarium species and subspecies infect plants between seedling development and
harvest, and they are difficult to control [6]. The effect of mixed Fusarium mycotoxicoses
on human and animal health has rarely been studied. Increased or reduced toxicity of
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multiple deoxynivalenol-family mycotoxins (DON, NIV, and their acetyl derivatives of 3-
acetyldeoxynivalenol (3-ADON) and 15-acetyldeoxynivalenol (15-ADON), deoxynivalenol-
3-glucoside (D3G), and fusarenon X (FX)) against human gastric epithelial (GES-1) cells
has been demonstrated [7]. In turn, Gao et al. [8] reported an increase in the cytotoxicity
of aflatoxin M1 against human cell lines in the presence of ZEA. The combination of
CUL (10 mg/kg of feed) and DON (25 mg/kg of feed) in feed increased mortality and
decreased the weight of Heliothis zea larvae in comparison with larvae exposed to pure
DON [9]. It should also be noted that Fusarium metabolites play an important role in
plant infections caused by pathogens. For example, polyketides (such as aflatoxins and
fumonisins), terpenes (such as T-2 toxin and DON), indole terpenes (such as paxilline
and lolitrems), non-ribosomal peptides (such as sirodesmin, enniatins, and beauvericins),
alkaloids (peramine) and siderophores (ferricrocin) often play a role in triggering infection
symptoms in plants [10].

Sooty head molds manifest on durum wheat spikes in the grain ripening stage [11],
whereas symptoms of black point are noted in threshed grain [12]. These diseases are most
often caused by Alternaria species [12]. Alternaria alternata produces around 70 secondary
metabolites, some of which are classified as mycotoxins that pose a potential threat to
humans and animals [13]. Regulatory limit values for these compounds in foodstuffs and
feedstuffs have not been introduced to date. Tenuazonic acid (TeA) is highly toxic for female
mice at a dose of 81 mg/kg body weight, and altenuene (ALT) poses a similar threat when
administered at 50 mg/g [14]. Alternariol (AOH) and alternariol monomethyl ether exerted
mutagenic effects in cultured mammalian cells [15]. Depending on their concentrations,
binary mixtures of AOH with altertoxin I and II exerted both antagonistic and synergistic
effects on the activity of the CYP 1 enzyme in estrogen-sensitive MCF-7 mammary cancer
cells [16]. Altertoxin II has been described as a compound with the strongest mutagenic
properties [17].

The new approach to cereal protection against pathogens proposed under the Eu-
ropean Green Deal advocates for the replacement of environmentally-toxic fungicides
(including triazole fungicides) with environmentally-friendly biological methods [18,19].
New biological methods for reducing mycotoxin content in cereal grain have to be devel-
oped and tested. Yeasts widely colonize wheat grain, and they can be applied to crops to
inhibit the development of plant pathogens [20,21]. Yeasts can differ in their mechanism of
action. For example, Aureobasidium pullulans yeast compete for nutrients with F. gramin-
earum by producing fusigen, which plays an important role in chelating and capturing
iron [22]. Numerous studies have demonstrated that yeasts can biotransform or biodegrade
toxins and convert them into non-toxic compounds or compounds with reduced toxic-
ity [23,24]. However, the effectiveness of biological yeast treatments in reducing the content
of secondary metabolites of Alternaria species in cereal grain has not been investigated to
date [23,25].

The aims of this study were as follows: (1) to evaluate the efficacy of a biological treat-
ment involving a suspension of Debaryomyces hansenii (Zopf) Lodder & Kreger-van Rij yeast
in reducing the content of secondary fungal metabolites, mainly those produced by Fusar-
ium spp. and Alternaria spp., in the grain of several spring durum wheat cultivars grown in
two locations in Poland; (2) to analyze the influence of the biological treatment on plant
health; (3) to assess grain colonization by pathogens, and (4) to determine the correlations
between mycotoxin concentrations in grain, plant health, and selected yield parameters.

2. Materials and Methods
2.1. Location, Soil, Climate, and Experimental Design

Field-plot experiments were conducted in Batcyny in north-eastern Poland (53°36’
N, 19°51’ E) and in Niedrzwica Koécielna in south-eastern Poland (51°05’ N 22°21’ E)
(Figure 1). The study sites did not differ considerably in mean monthly temperature, total
precipitation, or soil type (soil suitable for wheat cultivation) (Table 1). In both locations,
considerable fluctuations in temperature and rainfall distribution were noted during the
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growing season of spring durum wheat cultivars. Spring temperatures were higher in
southern than in northern Poland. Total precipitation did not exceed 13.3 mm during wheat
flowering and ripening (in the last ten days of May and the first twenty days of June).

Batcyny
536N, 19°51'

Niedrzwica

Koscielna
51°05'N, 22°21'E
O

Figure 1. The location of the two localities where the experiments were conducted.

Table 1. Weather conditions in vegetation period in 2018.

Month

Temperature in Successive 10-Day Periods

Precipitation in Successive 10-Day Periods

Balcyny Niedrzwica Koscielna Balcyny Niedrzwica Koscielna
—4.2 —0.2 4.3 8.5
March 1.1 3.1 13.7 3.8
14 9.8 5.1 12.7
9.5 9.8 30.9 2.5
April 13.5 12.6 1.0 10.0
12.7 12.2 14.8 15.6
14.9 14.4 0.1 6.0
May 15.8 20.1 44.0 29.4
18.7 18.9 0.0 5.6
19.3 15.9 2.7 13.0
June 18.5 17.3 13.1 7.8
15.9 14.6 49.6 439
17.6 15.5 1.2 15.7
July 19.7 18.5 54.5 81.3
223 20.9 5.9 43.7
23.3 20.1 6.7 16.3
August 20.4 18.9 9.9 8.0
17.8 16.0 9.0 6.9

The field experiments had a split-plot design with two replications. The harvested plot
area was 9 m?. The experimental factors were location (Balcyny, Niedrzwica Koscielna),
cultivar (Floradur, IS Duranegra, Durasol, IS Duragold, Tamadur) (Table 2), biological
control and plant inoculation (control- without biocontrol and pathogen, inoculation with
Fusarium graminearum (Fg), biocontrol with Debaryomyces hansenii (Dh), and biocontrol with
D. hansenii + inoculation with F. graminearum (Dh/Fg)).
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Table 2. Characteristics of spring durum wheat cultivars grown in two locations.

Resistance Plant Spike Flowering
Cultivar Origin to FHB * Height Yield Density ** Date Source
(cm)
IS Duragold Slovaki 6.8 75-85 high 5 early https:/ /istropol.sk
IS Duranegra ovakia 6.9 75-85 high 5 early (accessed on 21 May 2020)
Durasol 4 60-70 low 4 late https://www.proplanta.de/
Floradur Germany 6 70-75 high 5 early Pflanzenbauberater /Sorten/Sommer-
Tamadur NA 60-70 high 4 early Hartweizen/ (accessed on 21 May 2020).

* Resistance to Fusarium head blight (FHB) estimated by breeders on a 9-point scale, where 9 denotes the highest
resistance; ** Spike density (i.e., number of spikelets per 10 cm of spike length): 4—very high, 5—high; NA—data
not available.

In Niedrzwica KoScielna, durum wheat was sown in the last ten days of March, and
in Balcyny—in the first ten days of April at 220240 kg/ha. Before sowing, the plots
were fertilized with nitrogen at 40-70 kg N /ha (34% ammonium nitrate), phosphorus at
25-60 kg P,O5/ha (40% superphosphate), and potassium at 80-100 kg K,O/ha (60% potash
salt). During the growing season, nitrogen was applied twice at 25-60 and 40 kg N/ha
(34% ammonium nitrate) in the tillering stage. Wheat plants were sprayed with the Fury®
100 EW insecticide (FMC Chemical, Belgium) at 0.1 L/ha in the tillering stage to control
cereal leaf beetle infestations. Mustang™ 306 SE herbicide (Dow AgroSciences, Poland)
was applied at 0.6 L/ha in the tillering stage. Plant height was controlled with the Moddus
250 EC growth regulator (Syngenta, Poland) according to the manufacturer’s instructions.
The Tilt Turbo 575 EC systemic fungicide (Syngenta, Poland) was applied at 1 L/ha in the
stem elongation stage (BBCH 31) to control the powdery mildew of cereals and grasses [26].

2.2. Grain Sampling in—Durum Wheat Cultivars

Grain for mycotoxin analyses was sampled in the fully ripe stage (BBCH 92). A total
of 40 samples were collected from five durum wheat cultivars (Table 2). Durasol is a late
flowering cultivar that is characterized by the highest susceptibility to FHB and lowest
yields. IS Duragold and IS Duranegra are early flowering and relatively tall cultivars that
are most resistant to FHB.

2.3. Biological Treatment with Debaryomyces hansenii in the Field

The biological treatment involved a cell suspension of the D. hansenii 2 yeast strain
(GenBank accession number KX444669) isolated from apple cv. Antonéwka. The strain
was cultured on yeast extract peptone dextrose in a bioreactor (30 L, A&A Biotechnology,
Gdansk, Poland), and 120 g of yeast biomass, after centrifuging the cells at 4000 rpm
for 5 min, was introduced to a backpack pressure sprayer (Marolex Titan 12, Dziekanow
Lesny, Poland) and diluted in 12 dm® of water with the addition of 1 cm? of Tween® 80
(Merck, Wroctaw, Poland). In each location, the first biological treatment (130 cm3/m?,
cell suspension density 10° per 1 cm®) was applied at the beginning of flowering (BBCH
61), and the second treatment was performed after seven days in the full flowering stage
(BBCH 67).

2.4. Spike Inoculation with Fusarium graminearum

In selected plots (control plots and plots with biological control), spikes were inocu-
lated with the virulent F. graminearum pathogen (15-ADON genotype, GenBank accession
number MZ827461) 24 h after the second biological treatment. The applied fungal strain
had been isolated from durum wheat grain. The strain’s identity and genotype (15-ADON)
were confirmed by PCR according to a previously described procedure [27]. Fungal spores
were rinsed from 14-day colonies cultured on potato dextrose agar (PDA, Merck, Poland)
with the use of sterile water. The obtained spore suspension had a density of 1 x 10°/cm?.
Directly before spike inoculation, the 1 dm?® suspension was diluted with water to a volume
of 10 dm? with the addition of 1 cm® Tween® 80. Spikes were inoculated with a backpack
pressure sprayer (Marolex Titan 12, Poland).
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2.5. Mycotoxin Analysis

For the analysis of Fusarium mycotoxins, grain subsamples of 150 g were obtained with
a riffle divider and ground in a mill (Cyclotec™ 1093; Foss Tecator, Sweden; 1 mm mesh
size). Fusarium mycotoxins were extracted over a period of 90 min on a rotary shaker with
a mixture of acetonitrile/water/acetic acid (79/20/1), applied at 20 mL per 5 g of grain.
Fusarium mycotoxins were identified and quantified according to the method described by
Sulyok et al. [28] with the use of the QTrap5500 LC-MS/MS System (Applied Biosystems,
Foster City, CA, USA) equipped with a Turbolon Spray electrospray ionization (ESI) source
and the 1290 Series UHPLC System (Agilent Technologies, Waldbronn, Germany).

2.6. Evaluation of Spike Health and Selected Yield Parameters in the Field

Spike health was assessed on 100 infected organs in the ripening stage (BBCH 83),
according to the guidelines of the European and Mediterranean Plant Protection Orga-
nization [29]. The number of spikes with symptoms of sooty head molds and FHB was
determined, and infection severity was expressed as the percentage of affected spike area.
Plant height and spike density (number of spikelets per 10 cm of spike rachis length) were
measured. Crop yield per m? of plot area was estimated.

2.7. Mycobiota on Durum Wheat Grain

Fungal counts on wheat kernels were determined at harvest according to a previously
described method [27]. Grain samples of 10 g each were placed in 250 cm? flasks containing
90 cm?3 of sterile water with the addition of Tween® 80, and the flasks were shaken on the
Elpin Plus 358 S laboratory shaker (Elpin Plus, Poland, 180 rpm) for 30 min. 0.1 cm? of the
fungal suspension from the second dilution was transferred to Petri plates and cultured on
Martin agar. The number of colony-forming units (CFU) was calculated according to the
formula given by Wachowska et al. [27].

2.8. Identification of Fusarium and Alternaria pathogens

After 7 days of incubation at a temperature of 24 °C, the emerging fungal colonies
of the genus Alternaria were transferred to sterile plates with PDA, and the emerging
fungal colonies of the genus Fusarium were transferred to Spezieller Nahrstoffarmer Agar
(SNA, Merck, Poland) with the addition of kanamycin (A&A Biotechnology, Poland) and
streptomycin (Sigma, Poland). The fungal isolates were identified under a light microscope
(Nikon E200, Japan) [30,31]. Single-spore cultures were incubated on a liquid medium with
the following composition: beef extract—1 g, soy peptone—5 g, NaCl—5 g, glucose—1 g,
yeast extract—7 g in 1 dm? of water. The biomass of fungal isolates was dried on blotting
paper with the use of a vacuum pump (Rocker, Arlab, Poland), and it was transferred to
Eppendorf tubes. After short-term storage at a temperature of —20 °C, the isolates were
subjected to molecular analysis.

2.9. DNA Extraction and the Identification of Molecular Species and Chemotype

The taxonomic identity of Fusarium and Alternaria pathogens was confirmed with
the use of a molecular technique. Genomic DNA of selected isolates was extracted with
the Bead Baet MicroAX Gravity kit (A&A Biotechnology, Poland) according to the man-
ufacturer’s instructions. The taxonomic identity of the reference isolates belonging to
the Fusarium graminearum species complex (FGSC) was confirmed by amplifying DNA
fragments (280 bp) of F. culmorum (amplicon 570), F. avenaceum (amplicon 220), and F.
sporotrichioides (amplicon 332) [32]. The thermal profiles in the PCR assay were described
previously by Duba et al. [32]. The amplification products were sequenced by Genomed
S.A. in Warsaw (http://genomed.pl, accessed on 3 January 2023). Fungal species were
identified based on their similarity to the sequences deposited in the NCBI database with
the use of the BLAST tool.
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2.10. Statistical Analysis

The results obtained from the field experiment (incidence of FHB and Sooty black mold,
severity of FHB and Sooty black mold, occurrence of yeasts, Cladosporium spp., Alternaria
spp. Fusarium spp. Epicoccum spp., and Drechslera spp. and yield) were processed by
analysis of variance (ANOVA) with the Student-Newman-Keuls (SNK, p < 0.01) multiple
range tests to determine the significance of differences between means, as well as Pearson’s
correlation analysis. Statistical analyses were performed in Statistica 13 software [33].

3. Results
3.1. Fusarium Metabolites/Mycotoxins

Deoxynivalenol and D3G were identified in 25 out of the 40 analyzed grain samples
(Supplementary Table S1). The content of DON was particularly high in the control grain
samples of cvs. Floradur and Tamadur from Niedrzwica Koscielna at 2081 and 1113 pg/kg,
respectively (Supplementary Table S1, Figure 2). In most cases, spike inoculation with F.
graminearum increased DON levels in grain by up to 1519 pg/kg (in cv. Tamadur from
Niedrzwica Ko$cielna).

ng/kg
2000
1500
1000
500 i
0 > D > D o D o D > D
O = GO = o O = o O = o O = g
iy
Q E Q w } Q w } Q w } Q w E
Q Q Q Q Q
Floradur IS Duranegra Durasol IS Duragold Tamadur
m Batcyny

mNiedrzwica Koscielna

Figure 2. The levels of the DON (ug/kg) (including the error bars) in the grain of five T. durum
cultivars. C—control- without biocontrol and pathogen, Dh—biocontrol with Debaryomyces hansenii,
Fg—inoculation with Fusarium graminearum, Dh/F§g—biocontrol with D. hansenii + inoculation with
F. graminearum.

Nivalenol and NIV3G were detected in all grain samples from Niedrzwica Koscielna
(11.9-997.6 ng/kg) and in three samples from Balcyny (11.5-25.7 pug/kg) (Supplementary
Table S1). T-2 and HT-2 toxins were identified in nine samples from Niedrzwica Koscielna
(2.4-108.8 pg/kg) and in one sample from Balcyny. Culmorin (CUL), 15-hydroxyculmorin,
and 5-hydroxyculmorin, were detected in 34 grain samples. Culmorin concentration was
particularly high in the grain of cvs. Floradur and Tamadur from Niedrzwica Koscielna
at 2941.2 and 2887.8 ng/kg, respectively. Zearalenone (ZEA) was identified in 21 grain
samples (0.9-65.1 pug/kg). Apicidin (API) was detected in all grain samples from south-
ern Poland (3.1-457.5 ug/kg) and in 11 samples from northern Poland (0.9-66.2 ug/kg),
whereas all samples were contaminated with aurofusarin (AURO) (55.3-3236.7 ug/kg). In
most cases, spike inoculation with F. graminearum increased AURO concentration in grain.
Enniatins (ENNSs) A1, B, B1 and B2 were found in all tested samples at a concentration of
1.7 (ENN B2) to 2085.6 (ENN B1) ug/kg. Enniatin B3 was present in most samples in small
concentrations (0.01- 1.9 pug/kg). Two cyclic dipeptides, cyclo(L-Pro-L-Tyr) and cyclo (L-
Pro-L-Val), and tryptophol were detected in all samples (respectively at concentrations 21.7
to 58.7,2.6 to 14.4, and 24.1 to 150.2 pg/kg) whereas W493, equisetin and chrysogin were
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present in most samples. Fungerin, antibiotic Y, chlamydospordiol, and chlamydosporol
were identified in a small number of grain samples.

3.2. Alternaria and Penicillium Metabolites

Infectopyron was detected in all samples, and its concentration was clearly higher in
grain from Niedrzwica KoScielna (1043.0-2466.4 ng/kg) than Batcyny (487.3-816.6 ng/kg)
(Supplementary Table S1). Altersetin was present in all samples, and its content was
not correlated with the geographic origin of the grain. Tenuazonic acid was identified
in eight samples, but its concentration was generally low. Tentoxin and alternariol were
found mainly in the samples from Niedrzwica Koscielna. Asperphenamate was detected
mainly in the grain from Balcyny, and citreorosein and curvularin—in the samples from
Niedrzwica Koscielna. Only four samples contained abscisic acid.

3.3. The Efficacy of the Biological Treatment in Reducing the Concentrations of the Secondary
Metabolites of Fusarium spp.

The D. hansenii (Dh) yeast strain decreased DON levels in all grain samples from both
experimental sites relative to control grain or grain samples from treatments inoculated
with F. graminearum (Fg) (Figure 2, Supplementary Table S1). In samples where DON
content exceeded 1250 mg per kg of grain, the effectiveness of the biological treatment was
estimated at 100% for cv. Floradur and 95.3% for cv. Tamadur (Figure 2). The biological
treatment reduced DON levels in nearly all samples from treatments where biocontrol was
combined with spike inoculation with F. graminearum (Dh/Fg). In Batcyny, the biological
treatment also induced a clear decrease in CUL, ENN A1, and ENN B concentrations in the

grain of cvs. Floradur, IS Duranegra, Durasol, and IS Duragold (Figure 3, Supplementary
Table S1).

ug/kg
700+
600 4 mCUL
mENN Al
>00; =mENN B
400 -
300 -
200
100+
0_
QO € O DO £ O OD/O £ O DO L O DYO S O O
Q W w Q W w Q W w Q w W QW W
S S S S S
Q Q Q Q Q
Floradur IS Duranegra Durasol IS Duragold Tamadur

Figure 3. The levels of the CUL, ENN A1, and ENN B (ug/kg) (including the error bars) in the
grain of five T. durum cultivars. C—control- without biocontrol and pathogen, Dh—biocontrol with
Debaryomyces hansenii, Fg—inoculation with Fusarium graminearum, Dh/Fg—biocontrol with D. hansenii
+ inoculation with F. graminearum.

3.4. Health Status of Durum Wheat Spikes

Symptoms of FHB and sooty head molds were observed on wheat spikes in both study
sites (Table 3). On average, the biological treatment induced a non-significant decrease in
the incidence and severity of FHB (by 45.6% and 41.1%, respectively). Symptoms of sooty
head molds were significantly more prevalent in Batcyny than in Niedrzwica Koscielna. In
Batcyny, cv. Floradur was more severely infected with sooty head molds than the remaining
cultivars (Tables 3 and 4).
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Table 3. The health status of spring durum wheat cultivars and mycobiota on grain.

CFU x 102
Location Cultivar Treatment Inc. FHB Sev. FHB Inc. Alt Sev. Alt
Yeasts Cladosporium spp. Alternaria spp. Fusarium spp. Epicoccum spp. Drechslera spp.
Control 5.0 b 2.0 602 3.0 9.6°™ 4.5 bed 0.5 fgh 02°¢ 0 0¢
Floradur Dh 5.0 2.0 40 2.75 11.2 40 3.2b 0.3 8h 0¢ 0 0¢
Fg 25P 0.3 352 5.0 1104 4.4 bed 0.5 fgh 0¢ 0 0¢
Dh/Fg 10.02 5.0 45 15 14.0 4™ 3204 0.9¢h 0¢ 0 0¢
Control 6.0 4.0 105" 1.0 22,124 35b8 0.7¢h 0¢ 0 0¢
S Duranegra Dh 05b 0.1 7.5b 1.0 29.1 f 2.1 ¢t 0.8¢h 0¢ 0.1 0.1¢
Fg 3.0P 3.0 10.5° 5.0 16.5 <7 5. abe 0.8¢h 0¢ 0 02¢
Dh/Fg 3.0P 25 750 4.0 18508 4.5bcd 36.7 2 0¢ 0 0¢
Control 1.0° 0.5 75° 2.75 10.9 4 5.5 abe 0.38h 0¢ 0 0c¢
Dh 05b 0.1 1.0°P 0.75 19.7 ae 2.8 b 0.38h 0.1¢ 0 02¢
Balcyny Durasol Fg 3.0° 0.0 1.0° 3.0 309° 32 0.38h 57° 0 0¢
Dh/Fg 1.0° 2.0 50" 3.0 15.3 4k 85 0.6¢h 0¢ 0 0¢
Control 1.0 0.6 50" 5.0 1134 2.7b 0.4 8" 0¢ 0 0.1¢
IS Duragold Dh 1.0 E 0.1 5.0 E 5.0 14.4 d: 35 1:-1 0.6 hh 0¢ 0 0¢
Fg 1.0 0.1 5.0 5.0 27.6 2b¢ 2.5 b 0.28 0¢ 0 0¢
Dh/Fg 05b 0.1 1.0°b 5.0 27.1 abe 5.9ab 0.8¢h 0¢ 0 02¢
Control 55b 0.6 750 7.5 17.3<h 3.1 b 0.5h 02¢ 0 01¢
Tamadur Dh 05b 0.1 3.0b 5.0 10.9 4 2.8b- 0.28" 0¢ 0.1 0.2 2b¢
Fg 05° 0.1 750 7.5 20.12° 3.9b-f 0.3 8h 0¢ 0.1 0.4°
Dh/Fg 0.5° 0.1 3.0° 7.5 19.1b-f 40be 0.5 fgh 0¢ 0 0.3
Control 0.7 0.7 3.0° 3.0 7.5fn 0.6 ¢t 31t 0.1°¢ 0 0¢
Floradur Dh 05b 0.5 1.0°b 3.0 6.98™ 05 32¢e 02¢ 0 0¢
Fg 05b 0.5 500 0.5 6.8 0.4 25dh 03¢ 0 0¢
Dh/Fg 15° 0.5 3.0b 1.0 3.1 lmn 0f 1.8 4h 52°b 0 0¢
Control 3.0b 3.0 500 4.0 17.1 ¢ 0.1 ghi 24dh 09¢ 0 0¢
IS Duranegra Dh 7.5ab 5.0 50P 1.0 2210 0! 1.1 d:h 0.1¢ 0 0°¢
Fg ob 0 3.0b 1.0 0.6™ 0f 2848 0.1¢ 0 0¢
Dh/Fg 25b 0.5 3.0° 3.0 1.8n 0f oh 04¢ 0 0¢
Control 3.0b 1.0 7.5b 5.0 88.0¢e™ 0f 3.1¢f 0¢ 0 0¢
Niedrzwica Durasol Dh 5.02 5.0 75° 3.0 55in 0.1 8hi 3.6 0.1¢ 0 0¢
Koscielna Fg 2.5P 0.5 50" 5.0 10.5 4™ 0f 2.1 dh 7.72 0 0¢
Dh/Fg 3.0° 1.0 300 1.0 2.6™n 0.5 oh 0¢ 0 0¢
Control 25b 0.5 500 0.5 2.9 Imn 1.6 9 0.7¢h 0¢ 0.1 0¢
IS Duragold Dh 5.0 3.0 26° 05 41 0.3 &M 0.6°™ 01°¢ 0 0°¢
Fg 25b 0.5 0P 0 9.2en 0.5 2,040 0.1°¢ 0 0¢
Dh/Fg 5.0 1.0 10.0° 1.0 21n 1.294 1522 0.1¢ 0 0¢
Control ob 0 2253 3.0 5.2i™n 0.9 ¢t 1.5 dh 0¢ 0 0¢
Tamadur Dh 25P 2.5 30.0 20 3.0 44 0f 1.84h 0.5°¢ 0 0c
Fg ob 0 12.5b 1.0 10.0°™ 0.1 hi 5.5ab 0.1¢ 0 0¢
Dh/Fg ob 0 25,020 5.0 3.6 mn 0.4 8.0b 03¢ 0 0¢
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Table 3. Cont.

CFU x 102
Location Cultivar Treatment Inc. FHB Sev. FHB Inc. Alt Sev. Alt
Yeasts Cladosporium spp. Alternaria spp. Fusarium spp. Epicoccum spp. Drechslera spp.
Location Balcyny 2.55 1.30 13.4% 431X 17.84% 395X 049 Y 0.31Y 0.02 % 0.09 X
mean Niedrzwica Koscielna 2.40 1.32 7.7Y 222Y 5.77 Y 0.37Y 3.06 082X 0.003 ¥ oY
IS Floradur 3314 1.58 AB 23444 32248 8778 2.10 1.618 0.758 0B 0B
. IS Duranegra 3.19 4B 2264 658 258 13.49 4 1.94 1118 0.19°¢ 0.01 48 0.038
Cultivar Durasol 238 AB 1.58 AB 4698 2948 13.04 4 2.57 1298 1.704 0.08 AB 0.028
mean Duragold 23148 0.73 AB 4258 2.758 12.354 2.27 2.57 4 0.05€¢ 0.08 AB 0.048
Tamadur 1198 0418 13.88 4B 4944 11.64 4B 1.98 2304 0.12¢ 0.034 0.134
Control 2.85 1.28 13.35 3.48 11287 225 1.31° 0.14 1.33 0.02
Treatment Dh 1.55 0.75 8.05 3.30 14.34°Q 2.02° 1.71° 0.83 0.67 0.06
mean Fg 2.80 1.83 10.25 2.50 11.06 1.59F 1.24° 0.68 1.38 0.05
Dh/Fg 2.70 1.39 10.55 3.80 10.73° 2.82Q 2.81¢Q 0.60 1.0 0.05

Inc—incidence, Sev—severity; a ...

not significantly within the means for treatment at p < 0.05, respectively.

Table 4. The F-values for experiment treatments and interactions obtained in the three-way ANOVA.

n—rvalues followed by the same letter differ not significantly within the column at p < 0.05; A-C, X-Y, P-Q—values followed by the same letter differ

Source of  Degrees of

Cladosporium Alternaria

Fusarium

Epicoccum

Drechslera

. L. Inc. FHB Sev. FHB Inc. Alt Sev. Alt Yeasts Yield
Variation Freedom spp- spp- spp- spp- spp-

Location (L) 1 0.1 0.01 5.1 23.6 *** 344.8 *** 346.5 *** 309.1 *** 51.0 *** 8.8 *** 29.8 *** 291 #**
Cultivar (C) 4 1.9 3.1 % 8.4+ 4.1+ 6.7+ 1.6 15.0 #** 76.8 ** 2.5 %k 7.4 e 0.7
Tre*thr;‘e“t 3 13 14 17 6.9 #+ 7.7 24.9 #+ 18.2 *#+ 0.4 13 28
LxT 4 5.9 e+ 1.7 15.9 **+ 6.0 *+ 8.8 *** 3.6+ 17.5 11.1 4.9+ 7.4 e 0.2
CxT 3 3.0* 6.0 #+ 3.1 % 11.4 5.4 19.9 65.5 *++ 13 1.3 22
LxCxT 12 0.9 0.9 0.7 8.9 ®x* 2.9 #rt 33.8 *** 51.2 *** 13 1.7 0.9
Error 12 12 1.1 1.1 3.8 %4+ 2.5 ##x 32.6 *+ 73.0 #* 1.1 1.7 0.8

Inc.—incidence; Sev.—severity; FHB—Fusarium head blight; Alt—Sooty black mould; *, **, ***—F-value significant at p < 0.05, 0.01 and 0.001, respectively.
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3.5. Mycobiota Composition

Durum wheat grain was colonized predominantly by yeasts, and their abundance
reached 0.63 to 88 x 102 CFU per gram of grain (Table 3). The average yeast abundance was
significantly higher (more than three times) on the grain grown in Balcyny than Niedrzwica
Koscielna. The biological treatment significantly increased the average yeast density on
grain. Fungi of the genus Cladosporium were significantly more often noted in Batcyny than
in Niedrzwica Koscielna. Alternaria and Fusarium species isolates were more prevalent
in Niedrzwica Koscielna (Table 3, Figure 4). The application of D. hasenii (Dh) induced a
greater decrease in the counts of Fusarium species isolates colonizing wheat cv. Durasol in
Balcyny than grain inoculated with F. graminearum (Fg). Fungi of the genera Epicoccum and
Drechslera were identified sporadically, mainly in the grain from Balcyny.
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Figure 4. Percentage of kernels colonized by Fusarium and Alternaria spp. species across locations,
cultivars, and protective treatments. Bat—Batcyny, N.K.—Niedrzwica KoScielna, F¢—inoculation
with Fusarium graminearum, Dh—biocontrol with Debaryomyces hansenii, Dh/Fg—Dbiocontrol with D.
hansenii + inoculation with F. graminearum.

3.6. Identification of Fusarium and Alternaria Species

Colonies of Fusarium species emerged from 4% of the kernels sampled from Balcyny
and 16.6% of the kernels sampled from Niedrzwica Ko$cielna (Figure 4). Six Fusarium
species were identified in Niedrzwica Koécielna (F. avenaceum—4.2%, F. culmorum——5.8%,
F. graminearum—O0.2%, F. oxysporum—O0.4%, F. solani—2.2 %, and F. sporotrichioides—3.8%),
whereas four Fusarium species were detected in Batcyny (F. avenaceum—0.6%, F. culmorum—
0.2%, F. graminearum—0.4%, and F. sporotrichioides—2.2%). Alternaria alternata was isolated
from 75.4% of the kernels in Balcyny and from 57% of the kernels in Niedrzwica Koscielna.
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Neither wheat cultivar nor protective treatment were correlated with A. alternata counts
(CFU) on kernels cultured on PDA.

3.7. Pearson’s Correlation Analysis

An analysis of the simple correlations between yield, spike health, grain colonization
by fungi, and the content of secondary fungal metabolites revealed significant negative
correlations (—0.343 and —0.568) between yield vs. severity of sooty head molds and
Cladosporium counts on grain, respectively, significant positive correlations with the concen-
trations of TEN (0.546) and INFE (0.616), and weak positive correlations with the content of
NIV, NIV3G, ENNB, ENNB2, W493, AOH, CTO, CUR, and Trypt (Supplementary Table S3,
Figure 5). In many cases, strong positive correlations were noted between the co-existence
of different mycotoxins. For example, CUL concentration was bound by a strong positive
correlation with the content of DON (0.883), D3G (0.897), 15HCUL (0.821), 5SHCUL (0.801),
ZEA (0.706), and W493 (0.653). Interestingly, AsP concentration was negatively correlated
with the content of most of the analyzed mycotoxins.

Trypt
CDP-Val

ChlaD:iol
Anti Y

Il o3
B o4
o
B 04

oz

Figure 5. The correlation plot for yield, spike health, spike density, plant height, grain coloniza-
tion by fungi, and the content of fungal metabolites presented in the form of heat map. SD—
spike density, PH—plant height, IncFHB—incidence of FHB, SevFHB—severity of FHB, IncAlt—
incidence of sooty head molds, SevAlt—severity of sooty head molds, Clad—Cladosporium spp.,
Alt—Alternaria spp., Fus—Fusarium spp., Epic—Epiccocum spp., Drech—Drechslera spp., DON—
deoxynivalenol, D3G—DON-3-glucoside, NIV—nivalenol, NIV3G—nivalenol glucoside, CUL—
culmorin, 15-HCUL—15-hydroxyculmorin, 5-HCUL—5-hydroxyculmorin, ZEA—zearalenone,
AURO—aurofusarin, ENN Al—enniatin A1, ENN B—enniatin B, ENN Bl—enniatin B1, ENN
B2—enniatin B2, ENN B3—enniatin B3, EQ—equisetin, FUNG—fungerin, Anti Y—antibiotic Y,
ChlaD:iol—chlamydospordiol, ChlaD:ol—chlamydosporol, CHR—chrysogin, TeA—tenuazonic acid,
TEN—tentoxin, AOH—tentoxin, ALT—altersetin, INFE—infectopyron, AsP—asperphenamate,
ABA—abscisic acid, CTO—citreorosein, CUR—curvularin, CDP-Tyr—cyclo(L-Pro-L-Tyr), CDP-Val—
cyclo(L-Pro-L-Val), Trypt—tryptophol.
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4. Discussion

The article presents the results of field experiments investigating the content of
27 secondary metabolites produced by fungi of the genus Fusarium and nine secondary
metabolites produced by other fungi colonizing the grain of several durum wheat cultivars
grown in two locations in Poland. Wheat spikes were inoculated with F. graminearum and
protected with two treatments involving a suspension of D. hansenii yeasts. The content of
type A and B trichothecenes was clearly correlated with location. These toxins were more
prevalent and were detected in higher concentrations in southern than in northern Poland.
The above can be attributed mainly to higher precipitation in southern Poland in the last
20 days of June during flowering and kernel development. Numerous studies conducted
in Poland [3,34,35] and in other European regions [36] also demonstrated that humidity
levels during durum wheat flowering significantly affected the incidence of Fusarium infec-
tions. In a study by Lenc [34], the incidence of Fusarium infections was highest during a
particularly wet period in the first ten days of June 2007. Gorczyca et al. [3] analyzed the
content of DON in the grain of three durum wheat cultivars and observed more than a
10-fold increase in DON levels in 2013 which was characterized by abundant precipitation
in June. A long-term study conducted by Landschoot et al. [36] revealed a strong positive
correlation between air humidity in June and DON levels in the grain of nearly 100 wheat
genotypes.

Trichothecene concentrations in non-inoculated grain exceeded the maximum limits
only in three cases: in Niedrzwica Koscielna—for DON, and in Batcyny—for the sum of
T-2 and HT-2. In a study of the Polish durum wheat cultivar Komnata, DON concentration
was determined at 3860 nug/kg in 2012 and 8460 pg/kg in 2013, whereas the content of
HT-2 reached 148 ng/kg in 2013 [35]. In the cited study, the content of the analyzed toxins
was much lower in the grain of T. aestivum ssp. aestivum, T. aestivum ssp. spelta, and T.
monococcum in the same period. Shah et al. [37] and Covarelli et al. [38] observed that durum
wheat was more susceptible to Fusarium infections than common wheat. In the current
study, German and Slovakian genotypes were less sensitive to Fusarium spp. than the Polish
cultivar Komnata, which was analyzed in our previous study. Wheat plants have developed
several types of resistance to Fusarium pathogens through physiological and biochemical
mechanisms [32,39]. For instance, the Fhb1 gene encodes the glycosyltransferase enzyme
that converts DON to DON-3-O-glucoside in plant tissues [40].

In the present study, CUL levels were generally higher than DON levels, and a positive
correlation between CUL and DON was also noted, which is consistent with the findings
of other authors [41,42]. Culmorin is a tricyclic sesquiterpene diol derived from terpene
synthase Clm1, which converts farnesyl diphosphate (FPP) to longiborneol [43], whereas
Clm2-encoded cytochrome P450 catalyzes the hydroxylation of longiborneol to CUL [44].
Interestingly, Wipfler et al. [44] reported that CUL did not exert phytotoxic effects when
applied independently to wheat seedlings, but it was highly phytotoxic when applied in
combination with DON, 3-ADON, 15-ADON, and NX-3, but not with NIV. Recent research
has shown that CUL can suppress the activity of uridine diphosphate glucosyltransferases
(UGTs, found in all living organisms) that catalyze the glycosylation of DON into the less
toxic D3G [45].

Only several grain samples contained low concentrations (up to 59.33 ug/kg) of
several Fusarium mycotoxins (fungerin, chlamydospordiol, chlamydosporol, and antibiotic
Y) that are very rarely described in the literature. Chlamydospordiol and chlamydosporol
were first described by Solfrizzo et al. [46] as metabolites of F. chlamydosporum and F.
tricinctum. In the work of Ariantari et al. [47], chlamydospordiol did not exert cytotoxic
or antibacterial effects. Fungerin, an alkaloid that was first isolated from silvergrass and
classified as a metabolite of an unknown Fusarium species, contains an imidazole moiety
and has fungistatic properties [48,49]. In recent years, FUNG was frequently detected in
oats [50] and feed [51].

This study revealed a negative correlation between AsP and most other mycotox-
ins. Asperphenamate was identified in small concentrations (0.33-2.02 pg/kg), mainly
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in grain samples from northern Poland. This compound had been previously detected
in cereal grain [52]. Asperphenamate is a linear amino acid (AA) ester composed of
N-benzoylphenylalanine and N-benzoylphenylalaninol [52]. Asperphenamate was first
isolated from Aspergillus flavipes in 1977 [53]. Research studies conducted in the following
decades revealed that AsP is produced by many species of the genus Aspergillus [54] as
well as fungi of the genus Penicillium [52]. Penicillium astrolabium synthesizes many asper-
phenamate analogs, and due to the high plasticity of nonribosomal peptide synthetase
(NRPS), the structure of these analogs is determined by the availability of amino acids
in the substrate [52]. Asperphenamate has also attracted considerable interest due to its
anticarcinogenic properties and the possibility of synthetic modification [55].

In the current experiment, most of the mycotoxins isolated from disinfected grain
were produced by fungal species of the genera Alternaria and Fusarium. These fungi were
also predominant on durum wheat grain grown in other Polish regions [3], in European
countries [4], and in Argentina [11]. This study also demonstrated that Fusarium species
(mainly F. culmorum and F. avenaceum) exerted greater pressure in southern Poland, whereas
durum wheat grown in northern Poland was more susceptible to A. alternata infections.

The applicability of yeast strains for controlling plant pathogens has been studied
extensively, but none of the registered commercial yeast preparations have been designed
to reduce the severity of FHB [56]. In Europe, only Cerall® (Koppert) and Polyversum®
(Biopreparaty/De Sangosse) commercial preparations containing Pseudomonas chlororaphis
and Pythium oligandrum, respectively, target FHB [57]. Several yeast species had been
previously isolated from cereal tissues and tested as biocontrol agents against FHB. In the
work of Khan et al. [57], the Cryptococcus flavenses OH182.9 isolate inhibited FHB symptoms
by 56%. In turn, Comby et al. [58] and Wachowska and Glowacka [59] demonstrated
that Aureobasidium pullulans inhibited the development of F. culmorum. In a study by
Rojas et al. [60] Anthracocystis flocculosa F63P (syn.: Pseudozyma flocculosa) significantly
reduced FHB symptoms when applied at 2 dai and 3 dai before the pathogen.

The present study evaluated the efficacy of the D. hansenii strain isolated from the
surface of apples in inhibiting the development of toxin-producing pathogens colonizing
durum wheat spikes. In our opinion, this strain can be safely used in crops because it is
often detected in dairy products, and it was given the qualified presumption of safety (QPS)
status [61] by the European Food Safety Authority [62]. Debaryomyces hansenii was also
effective in protecting stone fruit against Monilinia fructigena and Monilinia fructicola [63],
and common wheat against FHB [27]. Our previous study demonstrated that D. hansenii
inhibits the development of Fusarium species by competing for food and producing com-
pounds that limit the growth of Fusarium pathogens [27]. Similar observations were made
by Huang et al. [64], who detected 71 volatile compounds, including six acids, 22 alcohols
(including 2-phenylethanol, a well-known quorum sensing molecule), 15 aldehydes, three
benzene derivatives, eight esters, three heterocyclic compounds, 12 ketones and two phe-
nols, in cell-free supernatants of D. hansenii strains. In turn, McClelland et al. [65] found
that D. hansenii DSMZ70238 can produce killer toxins with antifungal properties. Endo-
phytic strains of D. hansenii can also produce indole acetic acid (IAA) and trigger protective
mechanisms against Fusarium pathogens in tomato plants by increasing the concentrations
of phenolic and salicylic acids in plant tissues [66]. However, abiotic factors such as air
temperature and substrate salinity affect the synthesis of many active compounds, and this
fact should be taken into consideration when D. hansenii biological treatments are applied
to protect wheat [64,65].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13030721/s1. Table S1: Mycotoxins in durum wheat
grain from two localizations in Poland; Table S2: The Pearson’s correlation coefficient for yield, spike
density, plant height, spike health, grain colonization by fungi, and the content of fungal metabolites.
The statistically significant values are marked in red. For all designations, see Figure 5.
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Abbreviations

15-ADON—15-acetyldeoxynivalenol; 15-HCUL—15-hydroxyculmorin; 3-ADON—3-acetyldeoxy
nivalenol; 5-HCUL—b5-hydroxyculmorin; ABA—abscisic acid; AFM1—aflatoxin M1; ALT- altersetin;
ANOVA—analysis of variance; Anti Y—antibiotic Y; AOH—alternariol; API—Apicidin; AsP- asper-
phenamate; AURO—aurofusarin; BBCH—Biologische Bundesanstalt, Bundessortenamt und Chemis-
che Industrie; CFU—colony-forming unit; ChlaD:iol—chlamydospordiol; ChlaD:ol—chlamydosporol;
CHR—<chrysogin; CTO—citreorosein; CUL—culmorin; CUR—curvularin; CDP-Tyr—cyclo(L-Pro-L-
Tyr); CDP-Val—cyclo(L-Pro-L-Val); D3G—deoxynivalenol-3-glucoside; DON—deoxynivalenol; ENNs—
enniatins; EQ- equisetin; FHB—Fusarium head blight; FPP—farnesyl diphosphate; FUMs—fumonisins;
FUNG—fungerin; FX—fusarenon X; IAA—indole acetic acid; INFE—infectopyron; LC-MS/MS—Iliquid
chromatography with tandem mass spectrometry; MON—moniliformin; NIV—nivalenol; NIV3G—
nivalenol-3-glucoside; PDA—potato dextrose agar; SNK—multiple Student-Newman-Keuls test; TeA—
tenuazonic acid; TEN—tentoxin; Trypt—tryptophol; ZEA—zearalenone.
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