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Abstract: In this study, durum wheat kernels harvested in three climatically different Italian
cultivation areas (Emilia Romagna, Umbria and Sardinia) in 2015, were analyzed with a
combination of different isolation methods to determine their fungal communities, with a focus on
Fusarium head blight (FHB) complex composition, and to detect fungal secondary metabolites in the
grains. The genus Alternaria was the main component of durum wheat mycobiota in all investigated
regions, with the Central Italian cultivation area showing the highest incidence of this fungal genus
and of its secondary metabolites. Fusarium was the second most prevalent genus of the fungal
community in all cultivation environments, even if regional differences in species composition were
detected. In particular, Northern areas showed the highest Fusarium incidence, followed by Central
and then Southern cultivation areas. Focusing on the FHB complex, a predominance of Fusarium
poae, in particular in Northern and Central cultivation areas, was found. Fusarium graminearum, in
the analyzed year, was mainly detected in Emilia Romagna. Because of the highest Fusarium
incidence, durum wheat harvested in the Northern cultivation area showed the highest presence of
Fusarium secondary metabolites. These results show that durum wheat cultivated in Northern Italy
may be subject to a higher FHB infection risk and to Fusarium mycotoxins accumulation.

Keywords: Fusarium head blight; Triticum turgidum subsp. durum; mycotoxins; cereals; wheat

Key Contribution: The use of different fungal detection methods, of Fusarium molecular
identification and of fungal secondary metabolites quantification showed different levels of
mycotoxigenic fungal infections and of mycotoxin accumulation in durum wheat grains grown in
climatically different Italian cultivation areas.

1. Introduction

With a production of about 4.4 million tons and a cultivated area of 1.3 million hectares in 2015,
Italy is one of the most important countries in the world for durum wheat (Triticum turgidum subsp.
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durum (Desf.) Husn.) cultivation [1,2]. In fact, durum wheat is the main crop in many regions of the
peninsula [2] and in the last decades, its cultivation expanded from the “typical” Southern Italian
areas to Central and Northern parts of the country. For example, in Umbria (Central Italy) and in
Emilia Romagna (Northern Italy), durum wheat production doubled during the 2005-2015 period
[2]. In detail, in 2015 about 65% of durum wheat national production was obtained in Southern
regions, almost 23% in Central regions, and the remaining 12% in Northern regions [2]. Italian durum
wheat is mainly used for pasta production. In 2014, Italy was the country with the highest pasta
production and consumption worldwide, with about 3.4 million tons and 25 kg per capita,
respectively [3]. For these reasons, durum wheat plays a key role in the Italian and European agri-
food compartment. Therefore, the maintenance of a high qualitative standard is an essential aspect
of its cultivation across the country. However, several fungal microorganisms, being able to
infect/contaminate durum wheat kernels in the field, represent a serious threat to grain production
and quality. Additionally, the aforementioned expansion of durum wheat cultivation from Southern
to Northern Italian areas has significantly increased this risk, due to more favorable climatic
conditions to diseases [4,5]. The fungal community colonizing durum wheat grains mainly consists
of mycotoxigenic genera, principally Alternaria and Fusarium [6-9]. Most of the species belonging to
these genera are able to biosynthesize mycotoxins, secondary fungal metabolites having strong acute
and chronic adverse effects on animals and humans [10]. Thus, the presence of toxigenic mycobiota
in durum wheat kernels represents a non-negligible risk factor for consumers’ health [11] because of
the classification of some fungal secondary metabolites as carcinogens or possible carcinogens by the
International Agency for Research on Cancer (IARC). Therefore, the European Union (EU) has
established maximum or recommended levels for several mycotoxins in various food matrixes, such
as raw durum wheat and some derived products such as pasta [12,13]. For other compounds, the
European Food Safety Authority (EFSA) performed risk assessments and gave scientific opinions
[14,15].

Among the various fungal microorganisms, those belonging to the genus Fusarium are
particularly dangerous. They are the causal agents of Fusarium head blight (FHB) a disease capable
of strongly impairing not only crop yield but also its quality. In fact, FHB is caused by many distinct
species belonging to multiple Fusarium species complexes [16] that, in addition to being able to infect
and damage wheat heads in the field, may biosynthesize a wide range of toxic secondary metabolites.
Since durum wheat is more susceptible to FHB than soft wheat (Triticum aestivum L.) [17,18], Fusarium
infections and mycotoxin contaminations are of particular concern in Italy [19]. Moreover, FHB
pathogens negatively affect durum wheat quality as they may damage the protein fraction of the
kernels [20,21]. Among FHB causal agents, Fusarium graminearum is globally considered as the most
important, because of its widespread incidence and aggressiveness [22] as well as because it is the
main producer of type B trichothecenes such as deoxynivalenol (DON) and nivalenol (NIV) [23]. A
similar toxigenic profile also characterizes Fusarium culmorum, an important FHB agent in Southern
Mediterranean areas [24]. In recent years, other Fusarium species such as Fusarium poae and Fusarium
avenaceum increased their importance in the FHB community in many wheat-cultivation areas
worldwide [25-30]. In particular, in certain Italian regions and cultivation seasons, these two species
were found to be the most prominent members of the FHB complex of wheat, even more present than
F. graminearum [7,8,18,31-33]. F. avenaceum is mainly able to biosynthesize depsipetides, such as
enniatin analogues (ENs) and moniliformin (MON) [34,35]. F. poae, in addition to NIV, produces
depsipeptides such as beauvericin (BEA) [34,35]. Type A trichothecenes, such as T-2 and HT-2 toxins
[35], are mainly produced by Fusarium sporotrichioides and Fusarium langsethiae [36,37]. The isolation
of these last two species from the grains has been demonstrated to be difficult [36,38,39] and their
presence might consequently be often underestimated. Other Fusarium species may also be detected
with a low incidence in wheat grains. FHB complexity is exacerbated by the fact that, in addition to
well-known mycotoxins, a wide range of other secondary metabolites produced by Fusarium species
and having an unknown impact on health, might also potentially occur in the kernels [7,40,41].

The FHB complex composition as well as the type and quantity of mycotoxins in the grain,
strongly depend on climatic factors such as temperature, humidity and rainfall, especially those
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occurring during crop anthesis [42—45]. Thus, seasonal patterns usually show a strong influence on
the incidence of the different Fusarium species and of their mycotoxins in the grains [46,47]. In
addition, agronomic factors such as crop rotations, crop management systems [27,47-49], deployed
varieties [50] and the use of fungicides [51] may affect FHB complex composition and the presence of
secondary metabolites. One or more of these factors might potentially be the reason for regional
differences within the FHB complex as well as for the presence of the mycotoxins associated with
wheat grains in different world cultivation areas [30,52-56]. For example, in Italy, FHB incidence and
DON occurrence usually increase from Southern to Northern regions [18,19].

Given this diversity, a better understanding of the regional composition of the FHB complex as
well as of mycotoxin occurrence are critical to understanding the effective suitability of a certain
geographic area for producing high-quality durum wheat and for setting up effective disease and
mycotoxin integrated management strategies in different cultivation areas [52].

Therefore, in the present study, durum wheat kernels harvested in three climatically different
Italian regions (Emilia Romagna, Umbria and Sardinia), representative of three different cultivation
areas (North, Center and South, respectively) were analyzed to: 1) determine the mycobiota infecting
the grains with two different isolation methods (potato dextrose agar, PDA and deep-freezing blotter,
DEB); 2) molecularly determine FHB complex composition; 3) quantify the main Fusarium species in
the grains by quantitative real-time polymerase chain reaction (qPCR); 4) detect a wide range of
fungal secondary metabolites in the grains by liquid chromatography tandem mass spectrometry
(LC-MS/MS). The main objective of this investigation was to determine the importance of different
cultivation areas in affecting the presence of fungal communities, including FHB causal agents, as
well as of secondary metabolites in Italian durum wheat grains.

2. Results

2.1. Mycobiota Composition

The number (n) of fungal colonies belonging to the genera Alternaria, Fusarium, Epicoccum,
Aspergillus and Penicillium developing after 5 (PDA) or 7 (DFB) days of incubation from grains
sampled in each of the three Italian regions is shown in Figure 1 and detailed in Table S1. Fungi that
were not included in the aforementioned genera were classified as “other” (Figure 1, Table S1).

10 1

Fungal colonies (n)

Alternaria Fusarium Epicoccum Aspergillus

o Emilia Romagna B Umbria Sardinia
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Figure 1. Average number of fungal colonies (1) per durum wheat sample belonging to different
fungal genera as visually and microscopically assessed after their development from durum wheat
kernels collected in three different Italian regions (Emilia Romagna, Umbria, Sardinia) with two
different isolation methods (potato dextrose agar, PDA; deep-freezing blotter, DFB). Columns
represent the average (+ standard error, SE) number of colonies belonging to different fungal genera
developed from 10 analyzed durum wheat samples per each region and with each method.

The fungal colonies belonging to the genus Alternaria showed a significantly higher presence (p
<1 x 10#) within the fungal community developed from durum wheat grains following both PDA
and DFB isolations in all the surveyed regions. In addition, with the exception of samples from Emilia
Romagna (p =0.41), the number of Alfernaria colonies recovered with the DFB was significantly higher
(p <1 x 10*) than those detected on PDA (Figure 1, Table S1). Alternaria presence in the Emilia
Romagna samples was significantly lower (p <1 x 10-*) than that recovered in the Sardinian and in
the Umbrian ones with the DFB and on PDA. Conversely, in the Sardinian samples, the isolates
belonging to this genus were more frequent than in the Umbrian ones, even if only on PDA (p =1 x
10) and not with the DFB (p = 0.34) (Figure 1, Table S1).

The genus Fusarium was the second component of the durum wheat grain mycobiota following
both DFB (p <1 x 10#) and PDA (p < 0.04) isolations in all surveyed areas. Significant differences
between the two isolation methods were recorded in Sardinia, where Fusarium colonies were
significantly higher with the DFB than on PDA (p =1 x 10*) as well as in Umbria, where Fusarium
colonies grown on PDA were significantly higher than those isolated with the DFB (p = 0.002) (Figure
1, Table S1). In Emilia Romagna, the presence of Fusarium colonies developing from the grains on
PDA was significantly higher than that of the Umbrian samples (p = 1 x 10#), in which they were
significantly higher than in the Sardinian ones (p = 1 x 10-#). Similar results were also observed
following DFB isolations (p <1 x 10#), even if in this case Umbria and Sardinia did not significantly
differ from each other (p = 0.24) in terms of isolated Fusarium colonies.

In addition to the two most frequently recovered fungal genera (Alternaria and Fusarium), the
mycobiota of durum wheat grains harvested in the three investigated Italian regions was also
composed of other fungal genera, such as Epicoccum, Aspergillus and Penicillium. The colonies
belonging to the genus Epicoccum developed only on PDA while they were not isolated with the other
method (Figure 1). In addition, in Emilia Romagna and Umbria the incidence of Epicoccum spp. on
PDA was significantly higher than that recorded in Sardinia (p <1 x 10-*). With the exception of Emilia
Romagna samples, also colonies of Aspergillus and Penicillium were obtained only on PDA and not
with the DFB. On PDA, the presence of Aspergillus was higher in the Umbrian samples (p < 0.01). On
the same medium, no significant differences between different regions (p > 0.07) in terms of number
of developed Penicillium colonies were found.

2.2. Fusarium Head Blight (FHB) Complex Composition

With regard to the total Fusarium isolates developed from durum wheat with the two isolation
methods and successively identified by partial translation elongation factor la (tefla) region
sequencing, significant differences between cultivation regions were detected. In detail, the average
number of total Fusarium isolates infecting the grains followed the statistically significant gradient:
Emilia Romagna >> Umbria > Sardinia. This was observed both for PDA (11.8, 4.7, 0.74, respectively)
(p < 0.002) and for the DFB method (15.2, 6.10, 1.96, respectively) (p < 0.01). Even if in the three
surveyed regions the number of Fusarium isolates recovered with the DFB was higher than that
obtained on PDA, no significant differences between the two methods in any of the investigated areas
(p 2 0.1) were found. The number (1) of Fusarium isolates ascribable to the different species is shown
in Figure 2 and detailed in Table S2.
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Figure 2. Average number of isolates (1) per durum wheat sample belonging to the different Fusarium
species as identified by partial translation elongation factor 1o sequencing after their isolation from
durum wheat kernels collected in three different Italian regions (Emilia Romagna, Umbria, Sardinia)
with two isolation methods (potato dextrose agar, PDA; deep-freezing blotter, DFB). Columns
represent the Fusarium community composition expressed as the average number of isolates of
different species developed from 10 durum wheat samples per each region and with each method.

The Fusarium community isolated on PDA and with the DFB method from the kernels collected
across Emilia Romagna was composed of 11 different species (Figure 2, Table S2). On PDA, F. poae
was the most frequent species (6.1) (p < 0.001) followed by F. graminearum (3.0) (p <7 x 10*). Eight
more species (Fusarium proliferatum, F. culmorum, F. avenaceum, Fusarium equiseti, Fusarium
sambucinum, Fusarium tricinctum, Fusarium verticillioides and Fusarium acuminatum) (Figure 2, Table
S2) were isolated from the kernels on PDA, showing a significantly lower presence than F. poge and
F. graminearum (p <7 x 10#) (Table S2). With DEB, F. proliferatum (5.98) and F. poae (4.33) showed the
significantly highest presence (p < 1 x 10*). These species were followed also in this case by F.
graminearum (2.82), which was significantly lower than F. proliferatum (p =7 x 10#) but not than F. poae
(p = 0.07). The other six species (F. avenaceum, F. equiseti, F. verticillioides, F. tricinctum, F. acuminatum
and Fusarium crockwellense) were significantly lower than the previous three species (p < 2 x 104).
Differences in recovering Fusarium species between the two isolation methods in terms of number of
Fusarium isolates were recorded only for F. culmorum and F. proliferatum. In detail, F. culmorum
showed a significantly higher presence on PDA (0.56) than with DFB (nd) (p = 0.03), while, F.
proliferatum showed a significantly higher presence with DFB (5.98) than on PDA (0.84) (p =1 x 104).

The Fusarium community isolated on PDA and with DFB from durum wheat kernels collected
in Umbria was composed of 11 different species (Figure 2, Table S2). On PDA, F. poae showed a
significantly higher presence (2.53) (p < 0.001) followed by F. proliferatum (0.67) and F. graminearum
(0.66), which showed a non-significant difference (p = 0.97) with each other. The other seven Fusarium
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species (F. avenaceum, F. culmorum, F. langsethiae, F. sporotrichioides, F. tricinctum, F. acuminatum and F.
verticillioides) isolated on PDA showed a similar presence (p > 0.29) and only F. aveanceum and F.
culmorum were not significantly different from F. proliferatum and F. graminearum (p 2 0.06). With DFB,
F. proliferatum (2.82) was the most isolated species even if it was not significantly different from F.
poae (1.55) (p = 0.06). These two species were followed by F. graminearum (0.87), which was
significantly lower than F. proliferatum (p = 0.001) only. The other four Fusarium species (F. avenaceum,
F. tricinctum, F. equiseti and F. acuminatum) showed a similar presence. F. avenaceum (0.53) was the
only species not being significantly different from F. graminearum (p = 0.37). In addition, in this case,
only F. proliferatum showed a significantly higher presence with the DFB (2.82) than on PDA (0.67) (p
=4 x104).

The Fusarium community isolated on PDA and with the DFB method from durum wheat kernels
collected in Sardinia was composed of seven different species (Figure 2, Table S2). On PDA, no
significant differences were recorded among the five different species isolated (F. poae, F. culmorum,
F. graminearum, F. proliferatum, F. avenaceum) (p = 0.24). With DFB, F. proliferatum showed a
significantly higher presence (0.92) (p < 0.02) than the other five species (F. culmorum, F. poae, F.
avenaceum, F. equiseti, F. verticillioides), with the exception of F. sporotrichioides (0.47) (p = 0.27).
Differences between the two isolation methods in terms of number of Fusarium isolates were recorded
not only for F. proliferatum but also for F. sporotrichioides. Both species showed a significantly higher
presence with DFB than on PDA (p = 0.005 and 0.04, respectively).

Significant differences (p < 0.04) between cultivation regions in terms of single species presence
(Table S2) were also detected. In detail, F. poae followed the significant gradient Emilia Romagna >
Umbria > Sardinia (both for PDA and DEB); F. graminearum followed the significant gradient Emilia
Romagna > Umbria >> Sardinia (absent) (both for PDA and DEFB); F. avenaceum followed the
significant gradient Emilia Romagna > Umbria > Sardinia (only for PDA); F. proliferatum followed the
significant gradient Emilia Romagna > Umbria > Sardinia (both for PDA and DFB).

2.3. Fungal Biomass Accumulation

R? values calculated from the linear equations of the six standard curves were 0.99 for all
Fusarium species, with the exception of F. avenaceum whose R? value was 0.97. Reaction efficiencies
obtained from the linear equations of the six standard curves were 1.97 for F. graminearum and F.
avenaceum, 1.94 for F. poae, 1.98 for F. langsethiae, 1.99 for F. culmorum and 1.96 for F. sporotrichioides.
Dissociation curve analysis showed specific amplification products in the presence of pure fungal
DNA (standard curves) and in the presence of DNA of the six investigated Fusarium species
(samples). No target amplification was detected in negative controls. For these reasons, cycle
threshold (Ct) values used to quantify fungal biomass were those for which dissociation curve
analysis showed the presence of specific amplification products.

The fungal biomass of six Fusarium species (pg of fungal DNA/ng durum wheat grains DNA) as
quantified by qPCR directly in durum wheat grains collected in three different Italian regions (Emilia
Romagna, Umbria, Sardinia) is shown in Figure 3 and detailed in Table S3.

In the durum wheat grains harvested in Emilia Romagna, all six analyzed species were detected.
F. poae was present in all Emilia Romagna samples and F. graminearum and F. avenaceum were both
detected in 9 out of 10 Emilia Romagna samples. In addition, F. langsethiae, F. culmorum and F.
sporotrichioides were present in 4, 3 and 1 Emilia Romagna samples, respectively. F. poae showed the
highest fungal biomass levels, followed by F. graminearum and F. avenaceum even if no significant
differences between these three species were recorded (p > 0.20). Similarly, F. langsethiae, F. culmorum
and F. sporotrichioides were not significantly different from each other (p = 0.15), but they showed
significantly lower fungal biomass levels than the previous ones (p < 0.03).
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Figure 3. Fungal biomass of six Fusarium species as detected by quantitative real-time polymerase
chain reaction (PCR) assays in durum wheat kernels collected in three different Italian regions (Emilia
Romagna, Umbria, Sardinia). Columns represent Fusarium community composition, expressed as the
average of pg of each analyzed fungal species DNA/ng of durum wheat grains DNA in 10 analyzed
samples per each region.

In the durum wheat grains harvested in the Umbria region, all the species analyzed by qPCR,
with the exception of F. sporotrichioides, were detected. F. poae, present in all the analyzed samples (n
= 10), showed a significantly higher biomass level (p < 0.01) than those of the other four species. No
significant differences (p > 0.16) between F. avenaceum, F. graminearum, F. langsethiae and F. culmorum
fungal biomasses were detected. These species were present in 4 (F. avenaceum and F. langsethiae), 2
(F. graminearum) and 1 (F. culmorum) out of 10 durum wheat grains samples, respectively.

In the durum wheat grains collected across Sardinia, 4 out of 6 analyzed species were detected.
F. poae was present in 6 out of 10 samples. F. culmorum and F. langsethiae were both present in 2
samples, while, F. avenaceum was present in only one sample. No significant differences (p > 0.10) in
fungal biomass accumulation for these four species were detected in the Sardinian samples. No F.
graminearum and F. sporotrichioides were detected in the durum wheat grains collected in this area.

Significant differences between cultivation areas in terms of fungal accumulation in the grains
(Figure 3 and Table S3) were also detected for F. poae and F. avenaceum. In detail, F. poae followed the
significant gradient (p < 0.04) Emilia Romagna >> Umbria > Sardinia; F. avenaceum followed the
significant gradient (p < 0.001) Emilia Romagna > Umbria = Sardinia. For F. graminearum and F.
langsethiae, although their presence was higher in the Emilia Romagna region, no significant
differences were recorded between the different surveyed areas (p = 0.125 and p > 0.07, respectively).

Finally, considering the total Fusarium fungal biomass (calculated as the sum of the fungal
biomasses of each of the six Fusarium species analyzed) detected in durum wheat grains by qPCR,
significant differences between cultivation areas were detected. In detail, the total Fusarium fungal
biomass followed the significant gradient (p < 0.04) Emilia Romagna >> Umbria > Sardinia.
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2.4. Fungal Secondary Metabolites Accumulation

The fungal secondary metabolites (ug/kg) as quantified by LC/MS-MS in the durum wheat
grains collected in the three Italian regions are summarized by category in Table 1 and detailed within
each group in Table 2 (trichothecenes), Table 3 (zearalenone and fumonisins), Table 4 (depsipeptides),
Table 5 (other Fusarium secondary metabolites), Table 6 (Alternaria secondary metabolites) and Table
7 (Claviceps secondary metabolites).

In general, samples collected in Emilia Romagna were particularly contaminated by Fusarium
secondary metabolites (Table 1). Total trichothecenes followed the significant gradient (p < 0.05)
Emilia Romagna >> Umbria > Sardinia (Table 1). Total depsipetides followed the significant gradient
(p <0.03) Emilia Romagna > Umbria = Sardinia (Table 1). The other Fusarium secondary metabolites
followed the significant gradient (p < 0.04): Emilia Romagna > Umbria > Sardinia (Table 1). The other
two classes of compounds biosynthesized by Fusarium, zearalenone and fumonisins, were present in
a low percentage of samples only in Emilia Romagna (Table 1,3). Conversely, Alternaria secondary
metabolites were particularly present in durum wheat grains harvested in Umbria (Table 1). In detail,
total Alternaria secondary metabolites accumulation followed the significant gradient (p < 0.04):
Umbria > Emilia Romagna > Sardinia. Finally, regarding Claviceps metabolites, even if they were
mainly present in the Umbrian samples, no significant differences (p > 0.26) between the three
analyzed regions were detected, being only a few samples positive to these compounds (Table 1,7).
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Table 1. Categories of secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grains harvested in three different Italian
regions (Emilia Romagna, Umbria, Sardinia).

. .., DPositive Samples Incidence Positive Average Positive Samples Total Average
Categories of Secondary Metabolites (1 =10) Samples (%) (ug/ke) (ug/kg)
Fusarium secondary metabolites
Trichothecenes
Emilia Romagna 10 100 1326** (+541) 1326%*  (+541)
Umbria 10 100 104 (+28.1) 104 (£28.1)
Sardinia 6 60 65.1 (+20.1) 39.1 (#15.7)
Zearalenone
Emilia Romagna 5 50 10.9 (+4.42) 5.46 (+2.76)
Umbria nds nd nd -t nd -
Sardinia nd nd nd - nd -
Fumonisins
Emilia Romagna 2 20 33.3 (+19.6) 6.65 (#5.31)
Umbria nd nd nd - nd -
Sardinia nd nd nd - nd -
Depsipetides
Emilia Romagna 10 100 323 (+115) 323 (+115)
Umbria 10 100 56.4 (+36.2) 56.4 (+36.2)
Sardinia 3 30 0.23 (+0.15) 0.06 (+0.05)
Other Fusarium secondary metabolites
Emilia Romagna 10 100 730 (£217) 730 (+217)
Umbria 9 90 106 (+47.3) 95.1 (+43.6)
Sardinia 6 60 1.82 (£0.57) 110 (20.44)
Alternaria secondary metabolites
Emilia Romagna 10 100 366 (£35.8) 366 (£35.8)
Umbria 10 100 701 (£155) 701 (£155)
Sardinia 10 100 205 (+19.4) 205 (+19.4)
Claviceps secondary metabolites
Emilia Romagna 2 20 56.7 (£53.2) 11.3 (+10.9)
Umbria 3 30 359 (+298) 107 (+94.4)
Sardinia 3 30 1.40 (+1.35) 0.42 (+0.40)

*Sum of all secondary metabolites belonging to different categories that among all those analyzed showed their presence in at least one durum wheat sample are shown;
** the value represents the average (+ standard error) of positive samples of each region; ***the value represents the average (+ standard error) of 10 replicates for each
region; Snd: not detected; *standard error not calculated.
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Table 2. Fusarium trichothecene secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grains harvested in three different
Italian regions (Emilia Romagna, Umbria, Sardinia).

. Positive Incidence Positive Average Positive Samples Total Average Max Value
Secondary Metabolites Samples o
(n=10) Samples (%) (ng/kg) (ng/kg) (ng/kg)
Fusarium secondary metabolites
Trichothecenes*
Deoxynivalenol
Emilia Romagna 10 100 499** (£210) 499%** (£210) 1740
Umbria 3 30 51.8 (¥25.7) 15.5 (+10.3) 103
Sardinia 3 30 262 (+5.30) 7.85 (+4.22) 34.6
Nivalenol
Emilia Romagna 10 100 63.6 (+14.8) 63.6 (+14.8) 158
Umbria 10 100 35.1 (+15.0) 35.1 (+15.0) 161
Sardinia 2 20 17.3 (+3.85) 3.47 (+2.38) 21.2
Culmorin
Emilia Romagna 10 100 314 (£142) 314 (£142) 1222
Umbria 7 70 23.8 (+8.89) 16.7 (+7.08) 74.8
Sardinia 4 40 305 (+5.87) 122 (+5.42) 446
15-Hydroxyculmorin
Emilia Romagna 10 100 203 (+83.8) 203 (+83.8) 698
Umbria 4 40 23.7 (#12.3) 9.49 (+5.94) 59.7
Sardinia 5 50 285 (+7.77) 142 (+5.99) 50.7
15-Hydroxyculmoron
Emilia Romagna 6 60 86.9 (+33.2) 52.2 (+75.4) 203
Umbria nds nd nd -+ nd - nd
Sardinia nd nd nd - nd - nd
5-Hydroxyculmorin
Emilia Romagna 5 50 266 (£100) 133 (£64.0) 564
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Deacetylneosolaniol
Emilia Romagna 3 30 414 (+7.99) 124 (+6.65) 51.2
Umbria 3 30 17.3 (+1.76) 5.18 (+2.67) 20.4

Sardinia nd nd nd - nd - nd
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11 of 34

Diacetoxyscirpenol
Emilia Romagna
Umbria 1
Sardinia nd
HT-2 Glucoside
Emilia Romagna 5
Umbria
Sardinia 1
HT-2 toxin
Emilia Romagna 6
Umbria 8
Sardinia 2
T-2 toxin
Emilia Romagna 4
Umbria
Sardinia 1
T2-Tetraol
Emilia Romagna 3
Umbria 3
Sardinia nd
Monoacetoxyscirpenol
Emilia Romagna 8
Umbria 4
Sardinia nd

30
10
nd

50
80
10

60
80
20

40
60
10

30
30
nd

80
40
nd

3.53
0.70
nd

29.5
6.30
6.60

30.0
13.5
2.10

9.35
5.23
2.00

13.1
4.20
nd

9.57
5.00
nd

(+3.13)

(+11.8)
(+2.21)

(*12.1)
(+3.99)
(+1.48)

(+3.47)
(+1.92)

(+5.62)
(+0.60)

(+4.31)
(+2.05)

1.06
0.07
nd

14.7
10.7
0.66

17.9
10.7
0.42

3.74
3.14
0.20

3.94
1.26
nd

7.66
2.00
nd

(+0.97)
(+0.07)

(£7.43)
(+3.62)
(+0.66)

(28.52)
(+3.62)
(£0.28)

(+1.98)
(+1.39)
(+0.20)

(+2.47)
(+0.66)

(+3.63)
(+1.10)

9.80
0.70
nd

69.3
32.5
6.60

78.8
32.5
2.10

18.6
121
2.00

23.5
5.40
nd

39.5
11.1
nd

*Trichothecenes that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard error) of positive samples

for each region; **the value represents the average (+ standard error) of 10 replicates for each region; Snd: not detected; *standard error not calculated.
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Table 3. Fusarium zearalenone and fumonisin secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grains harvested
in three different Italian regions (Emilia Romagna, Umbria, Sardinia).

. ... Incidence Positive Average Positive Samples Total Average
Secondary Metabolites Positive Samples (1 = 10) samples (%) & A p (ugkg) 8¢ Max Value (ug/kg)
Fusarium secondary metabolites
Zearalenone*
Zearalenone-sulfate
Emilia Romagna 4 40 15.5** (£3.91) 5.07%*  (£2.59) 239
Umbria nd$ nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Zearalenone
Emilia Romagna 4 40 0.98 (£0.31) 0.39 (£0.20) 1.8
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Fumonisins*
Fumonisin B1
Emilia Romagna 2 20 30.3 (x£16.5) 6.05  (x4.73) 46.8
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Fumonisin B2
Emilia Romagna 1 10 6.04 - 0.60  (x0.60) 6.04
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd

*Zearalenone and fumonisin compounds that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard
error) of positive samples for each region; ***the value represents the average (+ standard error) of 10 replicates for each region; Snd: not detected; *standard error not
calculated.
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Table 4. Fusarium depsipeptide secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grains harvested in three different
Italian regions (Emilia Romagna, Umbria, Sardinia).

Positive Samples  Incidence Positive = Average Positive Samples  Total Average

Secondary Metabolites (1 =10) Samples (%) (ug/kg) (ug/ke) Max Value (ug/kg)
Fusarium secondary metabolites
Depsipeptides*
Enniatin A
Emilia Romagna 8 80 5.30%* (£3.71) 4.24**  (£3.00) 30.8
Umbria 6 60 1.16 (£0.32) 0.70 (x0.26) 2.20
Sardinia nds nd nd -t nd - nd
Enniatin A1
Emilia Romagna 7 70 66.0 (£39.2) 46.2 (+28.6) 296
Umbria 5 50 12.3 (£3.45) 6.16 (£2.61) 23.9
Sardinia nd nd nd - nd - nd
Enniatin B
Emilia Romagna 9 90 137 (£32.9) 123 (£32.5) 319
Umbria 6 60 404 (£30.5) 242 (£18.8) 192
Sardinia 1 10 0.20 - 0.02 (x0.02) 0.20
Enniatin B1
Emilia Romagna 9 90 148 (£56.5) 133 (£52.6) 564
Umbria 5 50 43.8 (25.3) 21.9 (£13.9) 144
Sardinia 1 10 0.30 - 0.03 (£0.03) 0.30
Enniatin B2
Emilia Romagna 10 100 7.44 (£1.99) 7.44 (+1.99) 17.8
Umbria 5 50 2.80 (£2.13) 1.40 (£1.10) 11.3
Sardinia 1 10 0.10 - 0.01 (£0.01) 0.10
Enniatin B3
Emilia Romagna 6 60 0.11 (£0.02) 0.07 (x0.02) 0.20
Umbria 1 10 0.10 - 0.01 (x0.01) 0.10
Sardinia nd nd nd - nd - nd
Beauvericin
Emilia Romagna 10 100 7.15 (£0.90) 7.15 (£0.90) 13.0
Umbria 10 100 1.95 (+0.88) 1.95 (+0.88) 9.60

Sardinia 1 10 0.10 - 0.01 (£0.01) 0.10




Toxins 2020, 12, 97 14 of 34

*Depsipeptides that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard error) of positive samples
for each region; ***the value represents the average (+ standard error) of 10 replicates for each region; Snd: not detected; *standard error not calculated.

Table 5. Other Fusarium secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grains harvested in three different Italian
regions (Emilia Romagna, Umbria, Sardinia).

Positive Samples Average Positive Samples Total Average  Max Value

Secondary Metabolites (1 =10) Incidence Positive Samples (%) (ug/ke) (ug/ke) (ug/ke)
Fusarium secondary metabolites
Others*
Aminodimethyloctadecanol
Emilia Romagna 6 60 34.6%* (8.92) 20.7%**  (£7.65) 67.0
Umbria 2 20 60.4 (+40.3) 121 (£10.1) 101
Sardinia nd$ nd nd -t nd - nd
Antibiotic Y
Emilia Romagna 4 40 66.8 (£26.9) 267 (£14.6) 143
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Moniliformin
Emilia Romagna 10 100 171 (£58.2) 171 (£58.2) 610
Umbria 5 50 484 (£32.8) 242 (217.4) 177
Sardinia 2 20 0.80 (x0.70) 0.16  (x0.14) 1.50
Apicidin
Emilia Romagna 8 80 479 (£31.6) 383 (¥25.7) 249
Umbria 6 60 242 (+11.5) 145  (+7.72) 75.8
Sardinia 3 30 0.93 (x0.39) 0.28 (0.17) 1.70
Aurofusarin
Emilia Romagna 10 100 398 (£139) 398 (£139) 1400
Umbria 5 50 62.5 (£30.2) 312  (x17.6) 144
Sardinia nd nd nd - nd - nd
Butenolide
Emilia Romagna 2 20 46.6 (£28.2) 9.32  (x7.50) 74.8
Umbria 3 30 11.9 (+3.85) 357 (+2.07) 19.6
Sardinia nd nd nd - nd - nd
Chlamydospordiol

Emilia Romagna 2 20 6.85 (+0.15) 137  (+0.91) 7.00
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Umbria
Sardinia
Chlamydosporol
Emilia Romagna
Umbria
Sardinia
Chrysogin
Emilia Romagna
Umbria
Sardinia
Epiequisetin
Emilia Romagna
Umbria
Sardinia
Equisetin
Emilia Romagna
Umbria
Sardinia
Fusarin C
Emilia Romagna
Umbria
Sardinia
Fusarinolic acid
Emilia Romagna
Umbria
Sardinia
Sambucinol
Emilia Romagna
Umbria
Sardinia

nd
nd

nd

10

nd

nd
nd

40
10
nd

100
60
30

20
40
nd

40
90
nd

30
nd
nd

40
nd
nd

10
nd
nd

nd
nd

16.8
3.90
nd

17.4
3.35
2.26

0.75
0.90
nd

29.5
7.46
nd

11.6
nd
nd

53.5
nd
nd

29.3
nd
nd

nd
nd

6.72
0.39
nd

17.4
2.01
0.68

0.15
0.36
nd

11.8
6.72
nd

3.48
nd
nd

21.4
nd
nd

2.93
nd
nd

(+2.93)

nd
nd

30.9
3.90
nd

41.6
7.20
2.50

1.40
2.10
nd

85.0
26.8
nd

16.6
nd
nd

128
nd
nd

29.3
nd
nd

15 of 34

*Other Fusarium secondary metabolites that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard

error) of positive samples for each region; **the value represents the average (+ standard error) of 10 replicates for each region; Snd: not detected; *standard error not

calculated.
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Table 6. Alternaria secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grain samples harvested in three different
Italian regions (Emilia Romagna, Umbria, Sardinia).

Secondary Metabolites Positive Samples (1 = 10) Incidence Positive Average Positive Samples Total Average Max Value (ug/kg)
Samples (%) (ug/kg) (ug/kg)
Alternaria secondary metabolites*
Tenuazonic acid
Emilia Romagna 10 100 112%* (+28.4) 112%%  (+28.4) 321
Umbria 10 100 460 (+142) 460 (£142) 1450
Sardinia 10 100 443 (£12.9) 43 (#12.9) 155
Alternariol
Emilia Romagna 5 50 1.50 (£0.78) 0.75 (x0.44) 4.50
Umbria 5 50 1.12 (+0.38) 056  (x0.26) 2.40
Sardinia nds nd nd -t nd - nd
Alternariol methyl ether
Emilia Romagna 9 90 0.61 (£0.28) 0.55 (0.25) 2.80
Umbria 10 100 0.74 (+0.43) 074  (x0.43) 4.50
Sardinia 1 10 0.20 t 0.02  (x0.02) 0.20
Altersetin
Emilia Romagna 10 100 36.6 (+11.9) 36.6  (x11.9) 113
Umbria 10 100 12.4 (+5.66) 124 (£5.66) 46.7
Sardinia nd nd nd - nd - nd
Tentoxin
Emilia Romagna 10 100 0.33 (+0.04) 033  (x0.04) 0.60
Umbria 10 100 0.83 (+0.35) 0.83  (x0.35) 3.90
Sardinia 6 60 0.47 (+0.20) 028  (x0.13) 1.40
Infectopyrone
Emilia Romagna 10 100 214 (£15.2) 214 (£15.2) 296
Umbria 10 100 217 (¥25.9) 217 (¥25.9) 329
Sardinia 10 100 159 (+9.38) 159  (£9.38) 220
Macrosporin
Emilia Romagna 10 100 1.00 (+0.37) 1.00  (+0.37) 3.90
Umbria 10 100 2.94 (+1.06) 294  (x1.06) 10.0
Sardinia 10 100 1.48 (+0.45) 148  (x0.45) 3.90
Pyrenophorol
Emilia Romagna 1 10 8.00 - 0.80 (+0.80) 8.00
Umbria 5 50 11.8 (+5.29) 589  (#3.17) 323

Sardinia nd nd nd - nd - nd
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*Alternaria secondary metabolites that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard error) of
positive samples for each region; “the value represents the average (+ standard error) of 10 replicates for each region; Snd: not detected; fstandard error not calculated.

Table 7. Claviceps secondary metabolites as detected by liquid chromatography tandem mass spectrometry in durum wheat grain samples harvested in three different
Italian regions (Emilia Romagna, Umbria, Sardinia).

Positive Samples  Incidence Positive ~ Average Positive Samples Total Average Max Value

Secondary Metabolites (n=10) samples (%) (ug/kg) (ug/kg) (ug/kg)
Claviceps secondary metabolites*
Ergocornine
Emilia Romagna nds nd nd -t nd - nd
Umbria 2 20 13.3** (£9.43) 2,67  (+1.98) 19.2
Sardinia nd nd nd - nd - nd
Ergocornin
Emilia Romagna nd nd nd - nd - nd
Umbria 2 20 9.00 (+6.36) 1.80  (x1.31) 12,6
Sardinia nd nd nd - nd - nd
Ergocristine
Emilia Romagna 2 20 15.2 (£10.7) 3.04 (£2.95) 29.6
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Ergocristinine
Emilia Romagna 2 20 9.25 (£6.54) 1.85 (£1.80) 18.1
Umbria nd nd nd - nd - nd
Sardinia nd nd nd - nd - nd
Ergocryptine
Emilia Romagna nd nd nd - nd - nd
Umbria 2 20 60.7 (+42.9) 121 (x10.9) 110
Sardinia nd nd nd - nd - nd
Ergocryptinine
Emilia Romagna nd nd nd - nd - nd
Umbria 2 20 349 (+24.7) 699  (+6.27) 63.1
Sardinia nd nd nd - nd - nd
Ergometrine
Emilia Romagna 2 20 13.5 (£9.58) 2.71 (¥2.49) 25.1
Umbria 2 20 145 (£102) 291 (£24.1) 29.1

Sardinia 1 10 4.10 - 0.41 (+0.41) 0.41
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Ergometrinine
Emilia Romagna
Umbria
Sardinia
Ergosin
Emilia Romagna
Umbria
Sardinia
Ergosinin
Emilia Romagna
Umbria
Sardinia
Ergotamine
Emilia Romagna
Umbria
Sardinia
Ergotaminine
Emilia Romagna
Umbria
Sardinia
Secalonic acid D
Emilia Romagna
Umbria
Sardinia
Agroclavine
Emilia Romagna
Umbria
Sardinia
Chanoclavin
Emilia Romagna
Umbria

Sardinia

nd

nd

nd

nd

nd

nd

2
nd

20
20
10

10
20
nd

10
20
nd

10
10
nd

10
10
nd

nd
10
nd

nd
10
nd

10
20
nd

2.20
245
0.10

16.2
123
nd

5.20
423
nd

7.50
0.20
nd

3.70
0.10
nd

nd
165
nd

nd
1.50
nd

0.30
2.00
nd

16.2
(+87.2)

(+1.41)

0.44
4.90
0.01

1.62
247
nd

0.52
8.45
nd

0.75
0.02
nd

0.37
0.01
nd

nd
16.5
nd

nd
0.15
nd

0.03
0.40
nd

(+0.40)
(+4.12)
(x0.01)

4.10
41.4
0.10

16.2
217
nd

5.20
73.9
nd

7.50
0.20
nd

3.70
0.10
nd

nd
165
nd

nd
1.50
nd

0.30
3.70
nd

18 of 34

*Claviceps secondary metabolites that among all those analyzed were present in at least one durum wheat sample; **the value represents the average (+ standard error) of

positive samples for each region; ***the value represents the average (+ standard error) of 10 replicates for each region; $nd: not detected; *standard error not calculated.
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Focusing on trichothecenes (Table 2), LC-MS/MS analysis showed that DON, culmorin, 15-
hydroxyculmorin, 15-hydroxyculmoron and 5-hydroxyculmorin were particularly present in durum
wheat grains harvested in Emilia Romagna. In particular, DON followed the significant gradient (p <
0.02) Emilia Romagna >> Umbria = Sardinia. A similar gradient (Emilia Romagna > Umbria =
Sardinia) was also observed for culmorin and 15-hydroxyculmorin (p < 0.04 and 0.03, respectively).
The secondary metabolites 15-hydroxyculmoron and 5-hydroxyculmorin were present only in
samples harvested in Emilia Romagna. Other trichothecenes, present in all surveyed regions were
NIV, HT-2 toxin, HT-2 glucoside and T-2 toxin. These compounds were present at higher levels in
Emilia Romagna samples, however, no significant differences were detected between Emilia
Romagna and Umbria samples. In fact, they followed the significant gradient (p < 0.05) Emilia
Romagna = Umbria > Sardinia. Finally, samples positive to the presence of deacetylneosolaniol,
diacetoxyscirpenol, T-2 tetraol and monoacetoxyscirpenol were found only in the Emilia Romagna
and Umbria samples and, despite the higher levels of these compounds recovered in Emilia
Romagna, no significant differences were detected between regions (p > 0.18).

With regard to depsipeptides (Table 4), the EN analogues analyzed in this study (enniatin A,
ENA; enniatin A1, ENAI; enniatin B, ENB; enniatin B1, ENB1; enniatin B2, ENB2; enniatin B3, ENB3)
and BEA were all particularly present in Emilia Romagna samples followed by Umbria and Sardinia
samples. In general, EN analogues amounts were higher than BEA in all the analyzed regions. The
EN analogues accumulated in durum wheat grains harvested in Emilia Romagna and Umbria
following the gradient ENB1 > ENB > ENA1 > ENB2 > ENA > ENB3. In durum wheat harvested in
Sardinia, EN analogues followed the gradient ENB1 > ENB > ENB2 > ENB3. Significant differences
between cultivation areas for ENB, ENB1 and ENB2 were recorded. All these three analogues were
significantly higher in the Emilia Romagna samples (p < 0.05), while, despite the higher levels
detected in the Umbrian samples, no significant differences (p > 0.12) were recorded between
Umbrian and Sardinian ones. The analogues ENA, ENA1 and ENB3 were present only in Emilia
Romagna and Umbria without (ENA and ENA1) or with (ENB3) significant differences between
these two cultivation areas (p = 0.27, p = 0.20 and p = 0.02, respectively). With respect to BEA, the
accumulation of this secondary metabolite followed a significant gradient (p < 0.03) Emilia Romagna
> Umbria > Sardinia.

Regarding other Fusarium secondary metabolites (Table 5), they were all present in the grains
harvested in Emilia Romagna with the exception of epiequisetin that was present in the Umbrian
grains. In detail, several compounds (antibiotic Y, chlamidospordiol, fusarin C, fusarinolic acid,
sambucinol) were detected only in the Emilia Romagna grains. Some others
(aminodimethyloctadecanol, aurofusarin, butenolide, chalmydosporol, epiequisetin and equisetin)
were only present in the Emilia Romagna and Umbrian grains with significant differences recorded
only for aurofusarin (p = 0.02). The remaining Fusarium metabolites (MON, apicidin and chrysogin)
were detected in the grains from all surveyed regions, with significant differences found for MON (p
<0.02, Emilia Romagna > Umbria = Sardinia) and chrysogin (p < 0.003, Emilia Romagna > Umbria =
Sardinia).

With respect to Alternaria secondary metabolites (Table 6), several compounds (tenuazonic acid,
tentoxin, pyrenophorol, macrosporin) were notably higher in the Umbrian grains, while some others
(altersetin, alternariol, infectopyrone and alternariol methyl ether) were notably higher in the Emilia
Romagna samples. However, no significant differences were recorded between Umbria and Emilia
Romagna for the content of these single compounds. Conversely, significant differences between
these two regions and Sardinia were detected for tenuazonic acid, alternariol methyl ether and
infectopyrone (Umbria = Emilia Romagna > Sardinia, p < 0.04).

Finally, legislated mycotoxins did not exceed the maximum or recommended levels [12,13].
However, two samples harvested in Emilia Romagna showed DON levels (1740 and 1710 pg/kg)
close to the maximum permitted for durum wheat grains (1750 pg/kg) and one sample collected in
the same region showed T2+HT?2 toxins level (97.4 ug/kg) close to the recommended concentration
for durum wheat (100 ug/kg).
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2.5. Correlation between Fungal Biomass and Fungal Secondary Metabolites in the Grains

With regard to F. poae, a typical BEA and NIV producer, its biomass was positively related to the
amounts of BEA in the kernels, both for the Emilia Romagna and Umbrian samples, with correlation
coefficients respectively of 0.72 (p =0.018; n =10) and 0.81 (p = 0.0048; n = 10). Likewise, F. poae biomass
was positively correlated with the amounts of NIV in the kernels, only for the Umbrian samples
(correlation coefficient = 0.79; p = 0.0071; n = 10)). Similarly, for F. avenaceum, one of the main ENs and
MON producers, its biomass was positively related to the amounts of ENs (calculated by the sum of
all six analyzed analogues) as well as with MON in the kernels of the Umbrian samples with
correlation coefficients of 0.92 (p =2 x 10% n = 10) and 0.93 (p =1 x 104, n = 10), respectively. With
respect to F. graminearum, a DON producer, its biomass was positively related to DON accumulation
in the Emilia Romagna and Umbrian grains with correlation coefficients of 0.80 (p = 0.05, n = 10) and
0.95 (p=1 %10, n=10), respectively. Finally, the sum of F. sporotrichioides and F. langsethiae biomasses,
two of the main T-2 and HT-2 toxin producers, were positively correlated with the content of these
two mycotoxins in the samples collected in Emilia Romagna and Umbria, with correlation coefficients
of 0.95 (p =1 x 104 n=10) and 0.87 (p = 0.01, n = 10), respectively.

2.6. Weather Conditions in the Three Surveyed Regions

Weather data (rainfall, soil humidity and temperature) collected in the three different Italian
regions (Emilia Romagna, Umbria and Sardinia) during the anthesis phase of durum wheat are
shown in Figure 4. The highest rainfall levels (sum and daily average) during the considered 30-day
period for each of the three regions, were recorded in Emilia Romagna (75.3 mm and 2.5 mm),
followed by Umbria (27.7 mm and 0.9 mm) and then Sardinia (17.2 mm and 0.5 mm). In particular,
in Emilia Romagna, heavy rainfalls occurred between 20 and 27 May. Differently, in the Umbria
region, significant rain events were recorded between 26 and 30 April. Finally, in Sardinia, significant
rain events occurred only on 27 and 28 April, indicating that in this region the anthesis phase was
characterized by particularly dry conditions. Similarly, the highest soil humidity average level was
detected in Emilia Romagna with a peak of 66.9% on the day after (23 May) the main rain event (22
May) which occurred in this region during crop anthesis.

3. Discussion

Climate is an important driver of different aspects of fungal biogeography, including global
distribution of common fungi as well as composition and diversity of fungal communities [57]. Thus,
this paper reports the results of a study about fungal communities and their secondary metabolites
in durum wheat grains harvested in 2015 in three Italian regions (Emilia Romagna, Umbria and
Sardinia) characterized by three different climatic conditions.

The mycobiota composition of durum wheat grains was investigated with two of the most
common methods used for the isolation of seed-borne fungal pathogens worldwide (PDA and DFB)
[58]. With regard to the global presence of Fusarium species, no differences between the two methods
were detected, while, in these experimental conditions, the DFB method seemed to favor the
development of microorganisms belonging to the genus Alternaria, probably due to the absence of
grain external disinfection. Conversely, PDA appeared to favor the development of Epicoccum,
Aspergillus and Penicillium species.

Species of the genus Alternaria were the main components of durum wheat mycobiota in all the
investigated regions, showing their ubiquity across Italian cultivation areas. In Umbria, the
prevalence of this genus in the durum wheat fungal community has been already highlighted [7].
Similarly, the high abundance of Alternaria species in wheat grains was previously detected also in
other countries worldwide [9,55,59-64]. In fact, Alternaria species could be associated with wheat
grains as saprophytes, causing black (sooty) head mold [65], or as pathogens, causing black point of
kernels [66]. In addition, these species are potentially able to biosynthesize mycotoxins [6].
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In this study, different incidence levels of this genus and of its related secondary metabolites in
the three cultivation areas were detected, suggesting that environmental conditions may have
influenced the presence of this fungal genus and of its mycotoxins. In particular, durum wheat
samples harvested in Umbria (Central Italy) showed the highest levels of Alternaria species as well
as, in general, of their secondary metabolites. Some Alternaria mycotoxins have been previously
reported in durum wheat grains harvested in the Umbria region [40], however this study, expanding
the number of compounds analyzed, revealed that tenuazonic acid, alternariol, alternariol methyl
ether, altersetin, tentoxin, infectopyrone, macrosporin and pyrenophorol were widespread in this
cultivation area. The presence of all or some of the analyzed Alternaria secondary metabolites in
Emilia Romagna and Sardinia, even if with different levels, revealed the remarkable diffusion of these
compounds in Italian durum wheat. Further studies will be necessary to identify the Alternaria
species associated with durum wheat grains as well as to better understand the toxicity of Alternaria
mycotoxins. In fact, despite their presence in cereals has been documented for years, no regulation
has been applied so far worldwide, apart from the limits for tenuazonic acid recently established by
the Bavarian Health and Food Safety Authority in infant food in Germany [6].

Fusarium species were the second most prevalent components of durum wheat mycobiota in all
three cultivation environments. Previous studies have shown the presence of Fusarium spp. in the
wheat grains fungal community globally [9,25,59,61,62,67-70] as well as in several Italian regions,
including those investigated in this research [7,8,31,33,71] as well as in others [8,18,19,32]. In detail,
Infantino et al. [32] and Shah et al. [18] showed that Fusarium incidence decreased from Northern to
Southern Italian areas. Also in this study, differences among the three cultivation areas were
observed. In general, Fusarium incidence was higher in Emilia Romagna followed by Umbria and
then Sardinia, showing that durum wheat cultivated in Northern Italy might be exposed to a higher
FHB infection risk, followed by Central Italy. This suggests that environmental conditions at the
regional level (macroscale) play a remarkable effect on Fusarium incidence in durum wheat grains,
also confirming that the gradual expansion of durum wheat from Southern to Northern areas of Italy
might have increased the risks of FHB infections [4]. However, Scala et al. [19] suggested that
environmental conditions at the local level (microscale) might drive FHB outbreaks even in areas
suitable for growing durum wheat, such as Southern Italy. One of the reasons that may also have
contributed to these regional differences (Emilia Romagna > Umbria > Sardinia) is represented by the
rainfalls recorded during the anthesis phase of the crop (Figure 4). In fact, concerning the season
investigated in this research, the rainfall levels occurred in the three surveyed regions followed the
same gradient as of Fusarium infections. However, in association with climatic parameters, also other
factors, such as crop rotation, fungicide application and cultivated varieties [49,51] may have played
a role in Fusarium incidence in wheat grains.

In this study, the different Fusarium species were identified by partial tefla region sequencing.
With regard to the used isolation method (PDA or DFB), F. proliferatum growth was particularly
promoted by DFB with respect to PDA. The lower F. proliferatum development on PDA might have
been caused by the sterilization process applied before seed plating as well as by the quicker
development of other fungal species. For this reason, the use of both isolation methods could be
recommended to obtain a realistic indication of the Fusarium community associated with grains. In
fact, the choice of a specific isolation method rather than another could lead to the underestimation
or the overestimation of the incidence of one or more Fusarium species.

With respect to the detected Fusarium spp., each of the three examined regions was characterized
by the presence of a specific complex of different species. In general, a predominance of F. poge, in
particular in Emilia Romagna and Umbria, was recorded. Earlier surveys conducted in Italy showed
the prevalence of this species in several growing seasons [8,18,32,33], particularly those characterized
by unfavorable climatic conditions to the most damaging FHB agents, such as F. graminearum, at
anthesis [31]. In fact, in Umbria, F. pose was the most frequently detected species in malting barley
grains in 2014 [72] and, together with F. avenaceum [7,73], they seemed to temporarily replace F.
graminearum as the main components of the FHB complex associated with wheat and barley. In
addition, this study shows that, for the analyzed year and particularly based on PDA isolations, F.
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poae was the dominant species of the FHB complex in durum wheat grains harvested in the three
different examined Italian regions. F. avenaceum, at least in Emilia Romagna and Umbria, never
exceeded, in the examined year, F. porze. However, in Umbria, F. avenaceum was present at similar
levels as of F. graminearum. This is a further confirmation of what previously observed in the Umbria
region over the last few years, where F. poae and F. avenaceum seemed to interchange as the dominant
members of the Fusarium community associated with durum wheat and malting barley, while, F.
graminearum showed a constant incidence, never acting as the main species of the complex [7,72-74].
Interestingly, particularly based on DEB isolations, F. proliferatum showed a high incidence in the FHB
complex of durum wheat grains harvested in all investigated regions. This species is typically
associated with maize grains where it represents one of the ear rot causal agents, however, across the
years, the occurrence of F. proliferatum in wheat has increased in many world cultivation areas [75]
including Italy, and in particular in the Emilia Romagna region [76].

The regional differences observed for the incidence of the genus Fusarium was also recorded for
the incidence of the single members within the complex. In particular, F. poae, F. graminearum and F.
proliferatum were all extensively present in the Northern area followed by Central and finally
Southern areas. Noteworthy is the fact that F. graminearum was totally absent in the samples from
Sardinia. This highlights, as observed in other world cultivation areas [30,52,54,77], that also in Italy
the environment plays an important role in the FHB complex composition both under quantitative
(incidence of some species within the complex) and qualitative (presence/absence of certain species
within the complex) points of view.

To further explore the FHB complex composition, the fungal biomass of six selected main
Fusarium species was quantified directly in grains by qPCR. This method confirmed that the total
Fusarium fungal biomass (sum of the fungal biomasses of each of the six species analyzed) as well as
F. poae biomass were found to be higher in the Northern area, followed by Central and, finally,
Southern areas. The absence of F. graminearum in the samples harvested in Sardinia was also
confirmed by qPCR. Interestingly, F. langsethiae was detected by qPCR in all the investigated regions,
while, it was isolated with both methods only in the grains harvested in Umbria and with a low
incidence. This may have happened because F. langsethiae, a fungus characterized by a slow growth
rate, might have been overgrown during the isolation process by other more rapidly growing species
(such as F. poae) [38]. Therefore, to have a complete overview of the FHB complex composition of a
certain cultivation area, the use of methods able to molecularly detect and quantify the different
species directly in the grains, such as qPCR, may also be used. By contrast, the adoption of species-
specific primers, such as those used in this study, may limit the detection to a few species only. As a
consequence, the simultaneous adoption of qPCR assays for in grains fungal biomass quantification
as well as of isolation methods coupled to tefla region sequencing of the obtained Fusarium isolates,
even if it is a time-consuming procedure, allows more realistic information to be obtained about the
Fusarium community associated with durum wheat grains in a specific cultivation area.

Finally, as reported for other mycotoxigenic fungi [78] the observed regional differences in
Fusarium incidence and FHB composition have important consequences for the quality of raw
materials of derived products as well as for final consumers” health.

In fact, the fungal secondary metabolites associated with durum wheat grains broadly reflected,
with a few exceptions, the FHB complex composition obtained with both the use of the two isolation
methods and qPCR assays. Besides, durum wheat grains harvested in the Northern area were more
contaminated by Fusarium mycotoxins than those of Central and Southern areas. In particular,
probably due to the higher presence of F. graminearum, trichothecenes, and DON among them, were
particularly present in the grains harvested in Emilia Romagna. These samples also showed the
highest BEA and ENs levels, possibly because of the highest F. pose and F. avenaceum presence,
respectively. This highlights that, also in Italy, regional differences, as detected in other world areas
[49,77], have a marked influence on the final Fusarium mycotoxin contamination. Surprisingly,
despite the significant F. proliferatum presence, very low fumonisin levels (compared to those
recovered in maize by Covarelli et al. [79]) were detected (a very low percentage of samples only in
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Emilia Romagna). Low levels of fumonisin contamination on wheat infected with F. proliferatum were
also recorded in other wheat-cultivation areas [74,80].

4. Conclusions

In conclusion, characterizing the spatial dynamics of fungal communities, including the FHB
complex, and of fungal secondary metabolites associated with durum wheat harvested in three
different Italian regions, demonstrated that significant regional differences might occur. The
Northern Italian cultivation area showed the highest levels of Fusarium incidence and in particular of
F. poae and F. graminearum species. Therefore, the grains harvested in this area showed the highest
Fusarium mycotoxins levels. The Central Italian cultivation area showed, in general, lower Fusarium
incidence and Fusarium mycotoxins levels, but the highest level of Alternaria mycotoxins was detected
in this area. The Southern Italian area, in the examined year, was shown to be the durum wheat
cultivation environment where both Fusarium species and mycotoxins were present at the lowest
levels, with positive repercussions on raw-material quality and on final consumers’ health.

5. Materials and Methods

5.1. Durum Wheat Sampling

This investigation was carried out on a total of 30 durum wheat samples collected from three
Italian regions (10 samples per region) representative of three different Italian durum wheat
cultivation areas (Figure 5a—c). The regions were Emilia Romagna (Northern Italy; Figure 5a), Umbria
(Central Italy; Figure 5b) and Sardinia (Southern Italy; Figure 5c). All the samples were obtained from
crops cultivated during the 20142015 season. The sampling strategy aimed at covering the most
important areas of the three investigated regions (Figure 5a—c). Region of cultivation, cultivation site
and variety for each durum wheat sample are indicated in Table S4. After harvest, samples (about
500 g each) were divided into three representative sub-samples of about 150 g each: one used for
mycobiota determination, one for fungal biomass quantification directly in the grain by qPCR of six
Fusarium species associated with FHB and one for fungal secondary metabolites analysis by LC-
MS/MS.
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Figure 5. Maps of the three Italian regions representative of the three different durum wheat
cultivation areas. In detail: map of the Emilia Romagna region (Northern Italy) (a), map of the Umbria
region (Central Italy) (b), map of the Sardinia region (Southern Italy) (c) showing sampling locations
(red triangles) and neighboring regions and/or seas.

5.2. Determination of Durum Wheat Mycobiota in the Grains

The mycobiota infecting durum wheat grains were detected with fungal isolations on PDA and
with the DFB method.
5.2.1. Isolation on Potato Dextrose Agar (PDA)

The isolation of the fungal community infecting durum wheat grains on PDA were performed
as described by Beccari et al. [72]. In brief, about 30 g of the sub-sampled kernels were externally
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sterilized for 2 min using a water-ethanol (95%, Sigma Aldrich, Saint Louis, MO, USA)-sodium
hypochlorite (7%, Carlo Erba Reagents, Milan, Italy) solution (82:10:8% vol.) and rinsed with sterile
water for 1 min. After the sterilization process, 100 kernels were placed onto PDA (Biolife Italiana,
Milan, Italy) supplemented with streptomycin sulphate (0.16 g/L, Sigma Aldrich) into 10 Petri dishes
(90 mm diameter, Nuova Aptaca, Asti, Italy) containing 10 kernels each. The dishes were incubated
at 22 °C in the dark and after 5 days of incubation a combination of visual and stereomicroscope
(SZX9, Olympus, Tokyo, Japan) observations were carried out on each single kernel (10 kernels per
replicate, 10 replicates per sample) to assess fungal development. The number of colonies (1)
ascribable to the different fungal genera developed from the kernels collected in each of the three
investigated regions was reported as the average (+ standard error, SE) of the 10 samples.

5.2.2. Isolation with the Deep-Freezing Blotter (DFB) Method

The isolation of the fungal community infecting durum wheat grains with the DFB method were
realized as described by Limonard [81] with slight modifications. In brief, from about 30 g of sub-
sampled kernels, one-hundred kernels were randomly collected and placed onto three sterilized
layers of filter paper (90 mm diameter, grade 1) (Whatman, GE Healthcare, Amersham Place, UK)
supplemented with 7 mL of sterile deionized water into 10 Petri dishes (100 mm diameter, Nuova
Aptaca) containing 10 kernels each. After 24 h at 24 °C under near-ultraviolet (NUV) light, the dishes
were placed at —20 °C for 24 h to devitalize germinating seeds. Finally, the dishes were incubated at
24 °C under NUYV light and after 7 days of incubation a combination of visual and stereomicroscope
(5ZX9, Olympus, Tokyo, Japan) observations were carried out on each single kernel (10 kernels per
replicate, 10 replicates per sample) to assess fungal development. The number of colonies (1)
belonging to different fungal genera and developed from durum wheat kernels collected in each of
the three investigated regions was reported as the average (+SE) of the 10 samples.

5.3. Molecular Identification of Fusarium spp. Isolated from Durum Wheat Grains

After visual observations, all the isolates potentially belonging to the genus Fusarium were
transferred into new plates containing PDA and placed at 22 °C in the dark. After 10 days, Fusarium
cultures developed from each single durum wheat sample were assigned to a particular morphotype
according to colony color and shape on PDA by visual examination as well as to the morphology of
reproductive structures by microscope analysis (Axiophot, Zeiss, Oberkochen, Germany). This
selection allowed the obtainment of a subset of isolates composed of representative isolates of each
morphotype for each durum wheat sample. These representative isolates, after obtaining monosporic
cultures, were placed into new PDA plates at 22 °C in the dark for 2 weeks. Successively, their
mycelium was scraped from PDA and placed into 2 mL sterile plastic tubes (Eppendorf, Hamburg,
Germany) at -80 °C, freeze-dried with a lyophilizer (Heto Powder Dry LL3000; Thermo Fisher
Scientific, Waltham, MA, USA) and the mycelium finely ground with a grinding machine (Retsch
MMG60, Dusseldorf, Germany) for 6 min with a frequency of 25 Hz.

DNA extraction was carried out using the method previously described by Covarelli et al. [31]
with slight modifications described in Beccari et al. [72]. Extracted genomic DNA was visualized on
a 1% agarose, trizma base-glacial acid acetic-ethylenediamine-tetraacetic acid disodium salt
dehydrate (TAE; all from Sigma Aldrich) gel in TAE buffer (1x) containing 500 uL/L of RedSafe
(iNtRON Biotechnology, Burlington, MA, USA). DNA fragments were separated in 10 cm-long
agarose gels, with an electrophoresis apparatus (Eppendorf) applying a tension of 110 V for ~30 min.
Electrophoretic runs were visualized using an ultraviolet transilluminator (Euroclone, Milan, Italy).
DNA concentration was estimated by comparison with Gene Ruler 1 kb (Thermo Scientific Scientific)
included in each gel as a control. DNA was diluted in DNase free sterile water for molecular biology
use (5prime, Hilden, Germany) to obtain a concentration of ~30 ng/uL and stored at 20 °C until used.

The DNA extracted from Fusarium isolates was subject to tefla gene amplification, purification
and sequencing. A PCR protocol was adopted using a total reaction volume of 50 puL. Each reaction
contained 29 uL of sterile water for molecular biology use, 5 uL of 10x Dream Taq Buffer + magnesium
chloride (Thermo Fisher Scientific), 3.75 pL of cresol red (Sigma Aldrich), 5 uL of ANTP mix 10 mM
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(Microtech, Naples, Italy), 2.5 uL of 10 uM EF1 (ATGGGTAAGGA(A/G)GACAAGAC) and EF2
(GGA(G/A)GTACCAGT(G/C)ATCATGTT) primers [82,83], 025 pL of 5 U/uL Dream Taq
Polymerase (Thermo Fisher Scientific) and 2 pL of template DNA. The PCR cycle consisted of an
initial denaturation step (94 °C for 5 min), followed by 30 cycles of denaturation (94 °C for 1 min),
annealing (53 °C for 1 min), extension (72 °C for 1 min), and of final extension (72 °C for 10 min). PCR
fragments were purified and sequenced by an external sequencing service (Genewiz Genomics
Europe, Takeley, United Kingdom). The sequence obtained were verified by Chromatogram Explorer
Lite v4.0.0 (Heracle Biosoft srl 2011, Arges, Romania) and analyzed by the BLAST database [84].

PCR assays were performed on a T-100 thermal cycler (Bio Rad, Hercules, CA, USA). PCR
fragments were visualized on TAE 1x agarose gel (2%) containing 500 puL/L of RedSafe. DNA
fragments were separated by an electrophoresis apparatus applying a tension of 110 V for ~40 min.
Electrophoretic runs were observed with an ultraviolet transilluminator. The size of the amplified
fragments was obtained by comparison with HyperLadder 100-1000 bp (Bioline Meridian Bioscience,
Cincinnati, OH, USA).

The presence of each Fusarium species involved in the FHB complex in each of the three
investigated areas and for each isolation methods was calculated as the total number of isolates
belonging to the morphotype from which the identified isolate was sub-sampled. The number of
isolates (1) belonging to the different Fusarium species developed from durum wheat kernels
collected in each of the three investigated regions was reported as the average (+SE) of the 10 samples
for each isolation method.

5.4. Quantification of Fungal Biomass by Quantitative Real-Time Polymerase Chain Reaction (gPCR) in
Durum Wheat Grains

To determine the standard curves for qPCR analysis, DNA was extracted from healthy durum
wheat grains and from pure fungal cultures of F. graminearum (strain UK1, provided by John Innes
Centre, Norwich, UK), F. culmorum (strain Fu42, provided by John Innes Centre, Norwich, UK), F.
avenaceum (strain Fu71, provided by John Innes Centre, Norwich, UK), F. langsethiae (strain ER1400,
provided by Council for Agricultural Research and Agricultural Economy Analysis, Rome, Italy), F.
poae (strain Fu448, provided by University of Bologna, Bologna, Italy) and F. sporotrichioides (strain
IT7637, provided by the Institute of Sciences of Food Production, National Research Council, Bari,
Italy). All fungal strains were grown on PDA for one week prior to DNA extraction. Mycelium was
scraped with a spatula, placed in a 2-mL sterile plastic tube (Eppendorf) at —-80°C and freeze-dried by
a lyophilizer (Heto Powder Dry LL3000, Thermo Fisher Scientific). Successively, the mycelium was
finely ground with a grinding machine (Retsch MM60) for 6 min with a frequency of 25 Hz. DNA
extraction was carried out using the method previously described by Covarelli et al. [31] with slight
modifications described in Beccari et al. [72].

Durum wheat uncontaminated grains were finely ground in a blender (IMETEC, Azzano S.
Paolo, Italy) and DNA extracted with the method described by Parry and Nicholson [85] with slight
modifications described in Beccari et al. [86].

The concentration of extracted DNA was measured by a Qubit® 2.0 fluorimeter (Thermo Fisher
Scientific) using a Qubit® dsDNA BR assay (molecular probes, Thermo Fisher Scientific) and
following the manufacturer’s protocol. Dilution series from 0.5 pg to 5 ng of six fungal strains DNA,
with a serial dilution factor of 10, were produced to set up standard curves that were processed in
each qPCR assay. Two replicates of each standard were used in each assay. Standard curves were
generated by plotting the logarithmic values of known DNA quantities versus the corresponding Ct
values. For each standard curve, from the average Ct of each dilution, the line equation (y = mx + q)
was calculated as well as the R? value and the reaction efficiency (10¢/m). The limit of detection (LOD)
of fungal biomass was 0.5 pg. Sub-sampled durum wheat kernels were finely ground with a blender
and 2 g of ground grains were added into a 50 mL plastic tube (Thermo Fisher Scientific). Total DNA
from the milled samples, including durum wheat DNA and potentially fungal DNA, was extracted
using the method previously described by Parry and Nicholson [85] with slight modifications
described in Beccari et al. [86]. Concentration of extracted DNA was estimated as previously
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described and the concentration of each DNA sample was adjusted to 20 ng/uL for qPCR analysis.
Specific primers (Table S5) [87,88] were used for the quantification of six Fusarium species that might
have potentially infected durum wheat kernels in the three investigated areas according to previous
surveys conducted in the three regions on soft wheat, durum wheat and malting barley
[7,31,33,70,71,73]. Tefla primers were used for the quantification of durum wheat DNA (Table S5)
[88].

To optimize qPCR analysis conditions, annealing temperatures (from 55 °C to 65 °C) were
adjusted. gPCR assays were realized in a CFX96 Real-Time System (Bio-Rad). The gPCR reaction was
composed of a total reaction volume of 12 uL, containing 2.5 uL of total DNA, 6 pL of 2x SYBR Select
Master Mix for CFX (Applied Biosystem, Foster City, CA, USA), 1.5 uL of 2 uM of each primer and
0.5 uL of sterile DNase free water (Thermo Fisher Scientific). The cycle consisted of temperatures of
50 °C for 2 min, 95 °C for 10 min, 45 cycles at 95 °C for 15 sec and the specific annealing temperatures
of each primer (Table S5 for 1 min, heating at 95 °C for 10 sec, cooling at 60 °C and finally an increase
to 95 °Cat 0.5 °C every 5 sec with the measurement of fluorescence. A dissociation curve was included
at the end of the qPCR program to monitor the presence of primer-dimers and/or non-specific
amplification products. Two replicates per each sample were used in each assay. The fungal biomass
of each investigated Fusarium species, possibly present in the durum wheat grain was expressed as
the ratio of the detected fungal DNA (pg) to the total durum wheat grain DNA (ng).

5.5. Detection and Quantification of Fungal Secondary Metabolites by Liquid Chromatography Tandem Mass
Spectrometry (LC-MS/MS)

Sub-sampled durum wheat kernels were finely ground to <0.5 mm by a blender IMETEC) and
5 g of each milled sample were extracted for 90 min on a rotary shaker (GFL3017, GFL, Burgwedel,
Germany) using 20 mL extraction solvent (acetonitrile-water-acetic acid, 79:20:1, v/v/v). Raw extracts
were diluted 1 + 1 using acetonitrile-water-acetic acid 20:79:1 (v/v/v) and 5 ul were subsequently
injected. The instrumental method used in this study is an extension of the version described in detail
by Malachova and co-authors [89]. Briefly, a QTrap 5500 MS/MS system (Sciex, Foster City, CA, USA)
equipped with a TurboV electrospray ionization (ESI) source was coupled to a 1290 series ultra-high
performance liquid chromatography (UHPLC) system (Agilent Technologies, Waldbronn,
Germany). Chromatographic separation was performed at 25 °C on a Gemini C18-column, 150 x 4.6
mm id., 5 um particle size, equipped with a C18 security guard cartridge, 4 x 3 mm i.d. (both
Phenomenex, Torrance, CA, USA). Quantification was performed using external calibration based on
serial dilution of a multi-analyte stock solution. Results were corrected using apparent recoveries that
were determined for wheat by spiking experiments. The accuracy of the method is verified on a
continuous basis by participation in a proficiency testing scheme organized by BIPEA (Gennevilliers,
France) with a current success rate (i.e., a z-score between -2 and 2) of >94% of the >1100 results
submitted and for 92 of the 95 results submitted for wheat, respectively.

5.6. Weather Data Collection

Weather data (rainfalls, soil humidity and temperatures) were obtained through the national
network operated by the Italian Department of Civil Protection [90]. In detail, for each surveyed
region (Emilia Romagna, Umbria and Sardinia) a period of thirty days during which anthesis usually
occurs in the different durum wheat varieties was taken into account.

5.7. Statistical Analysis

Data about the mycobiota composition were analysed by using a generalised linear model
(GLM) with binomial error and logit link. Isolation method and region were used as the factors. Data
about the abundance of Fusarium species were analysed by a GLM, with Poisson error and log-link.
A scale parameter was included to account for overdispersion, wherever necessary. Back-
transformed counts with delta standard errors were derived and reported in figures and tables. Data
about biomass and secondary metabolites (for each sample) were analysed by using a heteroscedastic
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linear model, with a different variance per region (generalised least square (GLS) fitting, [91]). The
area was included as a factor. Both for GLM and GLS fits, pairwise comparisons were performed by
using the general procedure outlined in Bretz et al. [92]. The correlations between fungal biomass
and fungal secondary metabolites were studied, for each environment, by using the Pearson
correlation coefficient. All analyses were performed by using the R statistical environment [93],
together with the packages ‘nlme” [91], ‘emmeans’ [94].

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Table S1: Colonies
belonging to the different fungal genera as visually and microscopically assessed after their development from
durum wheat kernels collected in three different Italian regions (Emilia Romagna, Umbria, Sardinia) with two
different isolation methods, Table S2: Fusarium species as identified by partial translation elongation factor 1o
sequencing after their isolation with two different methods from durum wheat kernels collected in three
different Italian regions (Emilia Romagna, Umbria, Sardinia), Table S3: Fungal biomass of six Fusarium species
as quantified by quantitative real time polymerase chain reaction (QPCR) in durum wheat kernels collected in
three different Italian regions (Emilia Romagna, Umbria, Sardinia), Table S4: Durum wheat samples analyzed in
this study showing sample ID, growing region, sampling location and variety, Table S5: Primer sequences and
characteristics used in real time quantitative polymerase chain reaction (qPCR) assays.

Author Contributions: Conceptualization, A.P., V.B,, L.C,; Data curation, G.B., M.T.S., V.B,, A.O,, M.S,, LB,
Formal analysis, A.O., M.S.; Investigation, G.B., M.T.S., V.B., E.T., L.P.; Resources, A.P., V.B., L.C.; Supervision,
L.C.; Visualization, G.B., M.T.S., L.C.; Writing—original draft, G.B.; Writing—review & editing, A.P., M.T.S.,
FE.T., L.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding

Acknowledgments: G.B., F.T., L.P. and L.C. wish to thank M.V. Consalvi and L. Ceccarelli for technical
assistance. A.P. wish to thank M. Montanari for durum wheat samples collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Grain Council (IGC). Available online: http://www.igc.int/en/default.aspx (accessed on 4
October 2018).

2. Istituto Nazionale di Statistica ISTAT). Available online: http://dati.istat.it (accessed on 11 October 2018).

3. International Pasta Organization (IPO). The world pasta industry status report 2013. Available online:
http://www internationalpasta.org/resources/World %20Pasta%20Industry%20Survey/IPOstatreport20141
ow.pdf (accessed on 5 October 2018).

4. Fagnano, M.; Fiorentino, N.; D’Egidio, M.G.; Quaranta, F.; Ritieni, A.; Ferracane, R.; Rimondi, G. Durum
wheat in conventional and organic farming: yield amount and pasta quality in Southern Italy. Sci. World |.
2012, 2012, 973058. https://doi.org/10.1100/2012/973058.

5. Quaranta, F.; Amoriello, T.; Aureli, G.; Belocchi, A.; D’Egidio, M.G.; Fornara, M.; Melloni, S.; Desiderio, E.
Grain yield, quality and deoxynivalenol (DON) contamination of durum wheat (Triticum durum Desf.):
results of national networks in organic and conventional cropping systems. Ital. ]. Agron. 2010, 4, 353-366.

6.  Tralamazza, S.M.; Piacentini, K.; Iwase, C.H.T.; de Oliveira Rocha, L. Toxigenic Alternaria species impact in
cereals worldwide. Curr. Opin. Food Sci. 2018, 23, 57-63.

7. Beccari, G.; Colasante, V.; Tini, F.; Senatore, M.T.; Prodi, A.; Sulyok, M.; Covarelli, L. Causal agents of
Fusarium head blight of durum wheat (Triticum durum Desf.) in Central Italy and their in vitro biosynthesis
of secondary metabolites. Food Microbiol. 2018, 70, 17-27.

8.  Lazzaro, I; Moretti, A.; Giorni, P.; Brera, C.; Battilani, P. Organic vs conventional farming: differences in
infection by mycotoxin-producing fungi on maize and wheat in Northern and Central Italy. Crop Prot. 2015,
72,22-30.

9.  Bensassi, F.; Mahdji, C.; Bacha, H.; Hajlaoui, M.R. Survey of the mycobiota of freshly harvested wheat grains
in the main production areas of Tunisia. Afr. ]. Food Sci. 2011, 5, 292-298.

10. Ferrigo, S.; Raiola, A.; Causin, R. Fusarium toxins in cereals: occurrence, legislation, factors promoting the
appearance and their management. Molecules 2016, 21, 627.

11. Schaarschmidt, S.; Fauhl-Hassek C. The fate of mycotoxins during the processing of wheat for human
consumption. Compr. Rev. Food Sci. Food Saf. 2018, 17, 556-593.



Toxins 2020, 12, 97 30 of 34

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Commission Recommendation (EC). Commission Recommendation (EC) 165/2013 of 27 March 2013 on the
presence of T-2 and HT-2 toxin in cereal and cereals products. Off. J. Eur. Union 2013, L91, 12-15. https://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0]J:L:2013:091:0012:0015:EN:PDF (accessed on 10 October
2018).

Commission Regulation (EC). Commission Regulation (EC) No. 1126/2007 of 28 September amending
Regulation (EC) No 1881/2006 setting maximum levels for certain contaminants in foodstuffs as regards
Fusarium toxins in maize and maize products. Off. ]. Eur. Union 2007, L225, 14-17.
https://www fsai.ie/uploadedFiles/Commission_Regulation_EC_No_1126_2007.pdf (accessed on 10
October 2018).

European Food Safety Agency (EFSA). Panel on contaminants in the food chain: scientific opinion on the
risk for animal and public health related to the presence of Alternaria toxins in feed and food. Efsa J. 2011,
9, 2407. https://efsa.onlinelibrary.wiley.com/doi/abs/10.2903/j.efsa.2011.2407 (accessed on 10 October 2018).
European Food Safety Agency (EFSA). Scientific opinion on the risks to human and animal health related
to the presence of beauvericin and enniatins in food and feed. Efsa ] 2014, 12, 3802.
https://efsa.onlinelibrary.wiley.com/doi/abs/10.2903/j.efsa.2014.3802 (accessed on 10 October 2018).
O’Donnell, K.; Rooney, A.P.; Proctor, R.H.; Brown, D.W.; McCormick, S.P.; Ward, T.J.; Frandsen, RJ.N.;
Lysoe, E.; Rehner, S.A.; Aoki, T.; et al. Phylogenetic analyses of RPBI and RPB2 support a middle
Cretaceous origin for a clade comprising all agriculturally and medically important fusaria. Fungal Genet.
Biol. 2013, 52, 20-31.

Giancaspro, A.; Giove, S.L.; Zito, D.; Blanco, A.; Gadaleta, A. Mapping QTLs for Fusarium head blight
resistance in an interspecific wheat population. Front. Plant Sci. 2016, 7, 1381.

Shah, D.A.; Pucci, M.; Infantino, A. Regional and varietal differences in the risk of wheat seed infection by
fungal species associated with Fusarium head blight in Italy. Eur. ]. Plant Pathol. 2005, 112, 13-21.

Scala, V.; Aureli, G.; Cesarano, G.; Incerti, G.; Fanelli, C.; Scala, F.; Reverberi, M.; Bonanomi G. Climate, soil
management, and cultivar affect Fusarium head blight incidence and deoxynivalenol accumulation in
durum wheat of Southern Italy. Front. Microbiol. 2016, 7, 1014.

Nightingale, M.J.; Marchylo, B.A., Clear, RM.; Dexter, J.E.; Preston, K.R. Fusarium head blight: effect of
fungal proteases on wheat storage proteins. Cereal Chem. 1999, 76, 150-158.

Dexter, J.E.; Marchylo, B.A.; Clear, RM.; Clarke, ].M. Effect of Fusarium head blight on semolina milling
and pasta-making quality of durum wheat. Cereal Chem. 1997, 74, 519-525.

Kazan, K.; Gardiner, D.M.; Manners, ].M. On the trace of a cereal killer: recent advances in Fusarium
graminearum pathogenomics and host resistance. Mol. Plant Pathol. 2012, 13, 399-413.

Geraldo, M.R.F.; Tessmann, D.J.; Kemmelmeier C. Production of mycotoxins by Fusarium graminearum
isolated from small cereal (wheat, triticale and barley) affected with scab disease on Southern Brazil. Braz.
J. Microbiol. 2006, 37, 58-63.

Scherm, B.; Balmas, V.; Spanu, F.; Pani, G.; Delogu, G.; Pasquali, M.; Migheli Q. Fusarium culmorum: causal
agent of foot and root rot and head blight on wheat. Mol. Plant Pathol. 2013, 14, 323-341.

Ioos, R.; Belhajd, A.; Menez, M. Occurrence and distribution of Microdochium nivale and Fusarium species
isolated from barley, durum and soft wheat grains in France from 2000 to 2002. Mycopathologia 2004, 158,
351-362.

Karlsson, I.; Edel-Hermann, V.; Gautheron, N.; Durling, M.B.; Kolseth, A.; Steinberg, C.; Persson, P.;
Friberg, H. Genus-specific primers for study of Fusarium communities in field samples. Appl. Env. Microbiol.
2016, 82, 491-501.

Karlsson, I.; Friberg, H.; Kolseth, A.; Steinberg, C.; Persson, P. Agricultural factors affecting Fusarium
communities in wheat kernels. Int. |. Food Microbiol. 2017, 252, 53-60.

Lindblad, M.; Gidlund, A.; Sulyok, M.; Borjesson, T.; Krska, R.; Olsen, M.; Fredlund, E. Deoxynivalenol and
other selected Fusarium toxins in Swedish wheat—Occurrence and correlation to specific Fusarium species.
Int. ]. Food Microbiol. 2013, 167, 284-291.

Sumikova, T.; Chrpova, J.; Dzuman, Z.; Salav, J; Stérbova, L.; Palicovd, J.; Slavikova, P.; Stranska-
Zachariasova, M.; Hajslova J. Mycotoxins content and its association with changing patterns of Fusarium
pathogens in wheat in the Czech Republic. World Mycotoxin J. 2017, 10, 143-151.

Tittlemeier, S.A.; Roscoe, M.; Trelka, R.; Gaba, D.; Chan, ].M.; Patrick, S.K.; Sulyok, M.; Krska, R;
McKendry, T.; Grafenhan T; et al. Fusarium damage in small cereal grains from Western Canada. 2.



Toxins 2020, 12, 97 31 of 34

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Occurrence of Fusarium toxins and their source organisms in durum wheat harvested in 2010. J. Agr. Food
Chem. 2013, 61, 5438-5448.

Covarelli, L.; Beccari, G.; Prodi, A.; Generotti, S.; Etruschi, F.; Juan, C.; Ferrer, E.; Mafies ]J. Fusarium species,
chemotype characterisation and trichothecene contamination of durum and soft wheat in an area of Central
Italy. J. Sci. Food Agric. 2015, 95, 540-551.

Infantino, A.; Santori, A.; Shah D.A. Community structure of the Fusarium complex of wheat seed in Italy.
Eur. ]. Plant Pathol. 2012, 132, 499-510.

Pancaldi, D.; Tonti, S.; Prodi, A.; Salomoni, D.; Dal Pra, M.; Nipoti, P.; Alberti, I; Pisi, A. Survey of the main
casual agents of Fusarium head blight of durum wheat around Bologna, Northern Italy. Phytopathol. Medit.
2010, 49, 258-266.

Covarelli, L.; Beccari, G.; Prodi, A.; Generotti, S.; Etruschi, F.; Meca, G.; Juan C. Biosynthesis of beauvericin
and enniatins in vitro by wheat Fusarium species and natural grain contamination in an area of Central
Italy. Food Microbiol. 2015, 46, 618-626.

Jestoi, M.N.; Paavanen-Hubhtala, S.; Parikka, P.; Yli-Mattila, T. In vitro and in vivo mycotoxin production
of Fusarium species isolated from Finnish grains. Food Addit. Contam. 2008, 41, 545-558.

Imathiu, S.M.; Edwards, S.G.; Ray, R.V.; Back, M.A. Fusarium langsethiae a T-2 and HT-2 toxin producer that
needs more attention. ]. Phytopathol. 2013, 161, 1-10.

Langseth, W.; Bernhoft, A.; Rundberget, T.; Kosiak, B.; Gareis, M. Mycotoxin production and cytotoxicity
of Fusarium strains isolated from Norwegian cereals. Mycopathologia 1999, 144, 103-113.

Gavrilova, O.; Skritnika, A.; Gagkaeva, T. Identification and characterization of spontaneous auxotrophic
mutants in Fusarium langsethiae. Microorganisms 2017, 5, 14.

Edwards, S.G.; Imathiu, S.; Ray, R.V.; Back, M.; Hare, C.M. Molecular studies to identify the Fusarium
species responsible for HT-2 and T-2 mycotoxins in UK oats. Int. ]. Food Microbiol. 2012, 156, 168-175.
Juan, C.; Covarelli, L.; Beccari, G.; Colasante, V.; Mafies, ]. Simultaneous analysis of twenty-six mycotoxins
in durum wheat grain from Italy. Food Control 2016, 62, 322-329.

Streit, E.; Schwab, C.; Sulyok, M.; Naehrer, K.; Krska, R.; Schatzmayr, G. Multi-mycotoxin screening reveals
the occurrence of 139 different secondary metabolites in feed and feed ingredients. Toxins 2013, 5, 504-523.
Beyer, M.; Pogoda, F.; Pallez, M.; Lazic, J.; Hoffmann, L.; Pasquali, M. Evidence of a reversible drought
induced shift in the species composition of mycotoxin producing Fusarium head blight pathogens isolated
from symptomatic wheat heads. Int. ]. Food Microbiol. 2014, 183, 51-56.

Oerke, E.C.; Meier, A.; Dehne, HW.; Sulyok, M.; Krska, R.; Steiner, U. Spatial variability of fusarium head
blight pathogens and associated mycotoxins in wheat crops. Plant Pathol. 2010, 59, 671-682.

Xu, X.M.; Nicholson, P.; Thomsett, M.A.; Simpson, D.; Cooke, B.M.; Doohan, F.M.; Brennan, J.; Monaghan,
S.; Moretti, A.; Mule, G.; et al. Relationship between the fungal complex causing Fusarium head blight of
wheat and environmental conditions. Phytopathology 2008, 98, 69-78.

De Wolf, E.D.; Madden, L.V; Lipps, P.E. Risk assessment models for wheat Fusarium head blight epidemics
based on within season weather data. Phytopathology 2003, 93, 428—-435.

Vogelgsang, S.; Musa, T.; Banzinger, 1.; Kégi, A.; Bucheli, T.D.; Wettstein, F.E.; Pasquali, M.; Forrer, H.
Fusarium mycotoxins in Swiss wheat: a survey of growers’ samples between 2007 and 2014 shows strong
year and minor geographic effects. Toxins 2017, 9, 246.

Czaban, J.; Wroblewska, B.; Sulek, A.; Mikos, M.; Boguszewska, E.; Podolska, G.; Nierobca, A. Colonization
of winter wheat grain by Fusarium spp. and mycotoxin content as dependent on a wheat variety, crop
rotation, a crop management system and whether conditions. Food Addit. Contam. 2015, 32, 874-910.
Schoneberg, T.; Martin, C.; Wettstein, F.E.; Bucheli, T.D.; Mascher, F.; Bertossa, M.; Musa, T.; Keller, B.;
Vogelgsang, S. Fusarium and mycotoxin spectra in Swiss barley are affected by various cropping
techniques. Food Addit. Contam. 2016, 33, 1608-1619.

Bernhoft, A.; Torp, M.; Clasen, P.E.; Loes, A.K,; Kristoffersen, A.B. 2012. Influence of agronomic factors on
Fusarium infestation and mycotoxin contamination of cereals in Norway. Food Addit. Contam. 2012, 29, 1129-
1140.

Amoriello, T.; Belocchi, A.; Quaranta, F.; Ripa, C.; Melinj, F.; Aureli G. Behaviour of durum wheat cultivars
towards dexynivalenol content: a multi-year assay in Italy. Ital. ]. Agron. 2018, 13, 817.

Audenaert, K.; Landschoot, S.; Vanheule, A.; Waegeman, W.; De Baets, B.; Haesaert, G. Impact of fungicide
timing on the composition of the Fusarium head blight disease complex and the presence of deoxynivalenol
in wheat. In Fungicide — Beneficial and Harmful Aspects; Thajuddin, N., Ed; InTech: Rijeka, Coratia, 2011; pp.



Toxins 2020, 12, 97 32 of 34

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

79-98.
https://books.google.com.ph/books?hl=en&lr=&id=ZfeZDwA AQBA]&oi=fnd &pg=PA79&dq=Impact+of+f
ungicide+timing+on+the+composition+of+the+Fusarium+head+blight+disease+complex+and+the+presenc
e+of+deoxynivalenol+in+wheat.&ots=g8NXb9Oxk5&sig=3pzhipqVr6uUJEVIRxXIQCf1XZq4&redir_esc=y#
v=onepage&qg=Impact%200f%20fungicide%20timing %200n%20the%20composition %200f%20the %20Fusa
rium%20head %20blight%20disease%20complex%20and %20the%20presence%200f%20deoxynivalenol %2
0in%20wheat.&f=false (accessed on 10 October 2018).

Cerén-Bustamante, M.; Ward, T.J.; Kelly, A.; Vaughan, M.M.; McCormick, S.P.; Cowger, C.; Leyva-Mir,
S.G.; Villasefior-Mir, H.E.; Ayala-Escobar, V.; Nava-Diaz C.; et al. Regional differences in the composition
of Fusarium head blight pathogens and mycotoxins associated with wheat in Mexico. Int. J. Food Microbiol.
2018, 273, 11-19.

Del Ponte, E.M.; Spolti, P.; Ward, T.J.; Gomes, L.B.; Nicolli, C.P.; Kuhnem, P.R; Silva, C.N.; Tessman, D.J.
Regional and field-specific factor affect the composition of Fusarium head blight pathogens in subtropical
no-till wheat agroecosystem of Brazil. Phytopathology 2015, 105, 246-254.

Kelly, A.C.; Clear, RM.; O'Donnell, K.; McCormick, S.; Turkington, T.K,; Tekauz, A.; Gilbert, J.; Kistler,
H.C.; Busman, M.; Ward, T.J.; et al. Diversity of fusarium head blight populations and trichothecene toxin
types reveals regional differences in pathogen composition and temporal dynamics. Fungal Genet. Biol.
2015, 82, 22-31.

Alkadri, D.; Nipoti, P.; Doll, K.; Karlovsky, P.; Prodi, A.; Pisi A. Study of fungal colonization of wheat
kernels in Syria with a focus on Fusarium species. Int. |. Mol. Sci. 2013, 14, 5938-5951.

Van Der Fels-Klerx, H.J.; Klemsdal, S.; Hietaniemi, V.; Lindblad, M.; Ioannou-Kakouri, E.; Van Asselt, E.D.
Mycotoxin contamination of cereal grain commodities in relation to climate in North West Europe. Food
Addit. Contam. 2012, 29, 1581-1592.

Vétrovsky, T.; Kohout, P.; Kopecky, M.; Machac, A.; Man, M.; Bahnmann, B.D.; Brabcova, V.; Choi, J.;
MeszaroSova, L.; Human, Z.R,; et al. A meta-analysis of global fungal distribution reveals climate-driven
patterns. Nat. Commun. 2019, 10, 5142.

Narayanasamy, P. Detection and identification of fungal pathogens. In Microbial plant pathogens: detection
and management in seeds and propagules. P. Narayanasamy,eds.; John Wiley & Sons, Ltd.: Hoboken, USA,
2017;1, pp. 12-112. https://onlinelibrary.wiley.com/d0i/10.1002/9781119195801.ch2 (accessed on 10 October
2018)

Ennouri, A.; Sanchis, V.; Rahouti, M.; Zinedine, A. Isolation and molecular identification of mycotoxin
producing fungi in durum wheat from Morocco. J. Mater. Env. Sci. 2018, 9, 1470-1479.

Hertz, M.; Jensen, LR.; Jensen L.O.; Thomsen S.N.; Winde J.; Dueholm, M.S.; Sgrensen, L.H.; Wollenberg,
R.D.; Serensen, H.O.; Sondergaard, T.E.; et al. The fungal community changes over time in developing
wheat heads. Int. |. Food Microbiol. 2016, 222, 30-39.

Krulj, J.A.; Stancic, A.S.B.; Krstovic, S.Z.; Jajic, LM.; Kojic, ].S.; Vidakovic, A.M.; Solarov, M.L.B. Mycobiota
on common wheat (Triticum aestivum) and spelt (Triticum aestivum ssp. spelta) grains from the region of
Vojvodina in 2015. Food Feed Res. 2016, 43, 1-8.

Nicolaisen, M.; Justesen, A.F.; Knorr, K.; Wang, J.; Pinnschmidt H.O. Fungal communities in wheat grain
show significant co-existence patterns among species. Fungal Ecol. 2014, 11, 145-153.

Gohari, A.M.; Sedaghat, N.; Javan-Nikkhah, M.; Saberi-Riseh, R. Mycoflora of wheat grains in the main
production area in Kerman province. Int. J. Agric. Biol. 2007, 9, 635-637.

Gonzalez, H.H.L.; Martinez, E.J.; Pacin, A.; Resnik S.L. Relationship between Fusarium graminearum and
Alternaria alternata contamination and deoxynivalenol occurrence on argentinian durum wheat.
Moycopathologia 1999, 144, 97-102.

Poursafar, A.; Ghosta, Y.; Orina, A.S.; Gannibal, P.B.; Javan-Nikkhah, M.; Lawrence, D.P. 2018. Taxonomic
study on Alternaria sections Infectorine and Psuedoalternaria associated with black (sooty) head mold of
wheat and barley in Iran. Mycol. Prog. 2018, 17, 343-356.

Perello, A.; Moreno, M.; Sisterna, M. Alternaria infectoria species-group associated with black point of wheat
in Argentina. Plant Pathol. 2008, 57, 379.

Vujanovic, V.; Mavragani, D.; Hamel, C. Fungal communities associated with durum wheat production
system: A characterization by growth stage, plant organ and preceding crop. Crop Prot. 2012, 37, 26-34.



Toxins 2020, 12, 97 33 of 34

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

Nielsen, L.K.; Jensen, ].D.; Nielsen, G.C.; Jensen, J.E.; Spliid, N.H.; Thomsen, 1.K,; Justesen, A.F.; Collinge,
D.B.; Jergensen, L.N. Fusarium head blight of cereals in Denmark: species complex and related mycotoxins.
Phytopathology 2011, 101, 960-969.

Audenaert K., Van Broeck R., Bekaert B., De Witte F., Heremans B., Messens K., Hofte M., Haesaert G.
Fusarium head blight (FHB) in Flanders: population diversity, inter-species associations and DON
contamination in commercial winter wheat varieties. Eur. |. Plant Pathol. 2009, 3, 445-458.

Roigé, M.B.; Aranguren, S.M.; Riccio, M.B.; Pereyra, S.; Soraci, A.L.; Tapia, M.O. Mycobiota and mycotoxins
in fermented feed, wheat grains and corn grains in Southeastern Buenos Aires Province, Argentina. Riv.
Iberoam. Micol. 2009, 26, 233-327.

Balmas, V.; Scherm, B.; Marcello, A.; Beyer, M.; Hoffman, L.; Migheli, Q.; Pasquali M. Fusarium species and
chemotypes associated with Fusarium head blight and Fusarium root rot on wheat in Sardinia. Plant Pathol.
2015, 64, 972-979.

Beccari, G.; Senatore, M.T.; Tini, F.; Sulyok, M.; Covarelli L. Fungal community, Fusarium head blight
complex and secondary metabolites associated with malting barley grains harvested in Umbria, Central
Italy. Int. ]. Food Microbiol. 2018, 273, 33-42.

Beccari, G.; Caproni, L.; Tini, F.; Uhlig, S.; Covarelli, L. Presence of Fusarium species and other toxigenic
fungi in malting barley and multi-mycotoxin analysis by liquid chromatography-high-resolution mass
spectrometry. J. Agric. Food Chem. 2016, 64, 4390—-4399.

Beccari, G.; Prodi, A.; Tini, F.; Bonciarelli, U.; Onofri, A.; Oueslati, S.; Limayma, M.; Covarelli L. Changes
in the Fusarium head blight complex of malting barley in a three-year field experiment in Italy. Toxins 2017,
9, 120.

Cendoya, E.; Chiotta, M.L.; Zachetti, V.; Chulze, S.N. Fumonisins and fumonisin-producing Fusarium
occurrence in wheat and wheat by products: A review. J. Cereal Sci. 2018, 80, 158-166.

Amato, B.; Pfohl, K; Tonti, S.; Nipoti, P.; Dastjerdi, R.; Pisi, A.; Karlovsky, P.; Prodi, A. Fusarium proliferatum
and fumonisins B1 co-occur with Fusarium species causing Fusarium head blight in durum wheat in Italy.
J. Appl. Bot. Food Qual. 2015, 88, 228-233.

Isebaert, S.; De Saeger, S.; Devreese, R.; Verhoeven, R.; Maene, P.; Heremans, B.; Haesaert, G. Mycotoxin-
producing Fusarium species occurring in winter wheat in Belgium (Flanders) during 2002-2005. ].
Phytopathol. 2009, 157, 108-116.

Cotty, P.J.; Jaime-Garcia, R. Influences of climate on aflatoxin producing fungi and aflatoxin contamination.
Int. ]. Food Microbiol. 2007, 119, 109-115.

Covarelli, L.; Beccari, G.; Salvi, S. Infection by mycotoxigenic fungal species and mycotoxin contamination
of maize grain in Umbria, central Italy. Food Chem. Toxicol. 2011, 49, 2365-2369.

Busman, M.; Desjardins, A.E.; Proctor, R.H. Analysis of fumonisin contamination and the presence of
Fusarium in wheat with kernel black point disease in the United States. Food Addit. Contam. 2012, 29, 1092—
1100.

Limonard, T. A modified blotter test for seed health. Neth. ]. Plant Pathol. 1966, 72, 319.

Geiser, D.M.; Jimenez-Gasco, M.D.; Kang, S.C.; Makalowska, I.; Veeraghavan, N.; Ward, T.J.; Zhang, N.;
Kuldau, G.A.; O’'Donnell, K. FUSARIUM-ID v. 1.0: A DNA sequence for identifying Fusarium. Eur. ]. Plant
Pathol. 2004, 110, 473-479.

O’Donrell, K; Kistler, H.C.; Cigelnik, E.; Ploetz, R.C. Multiple evolutionary origins of the fungus causing
Panama disease of banana: concordant evidence from nuclear and mitochondrial gene genealogies. Proc.
Natl. Acad. Sci. Usa 1998, 95, 2044-2049.

National Center for Biotechnology Information (NCBI). Basic Local Alignment Search (BLAST) Tool.
Available on line: http://blast.ncbi.nlm.nih.gov (accessed on November 2016).

Parry, D.W.; Nicholson, P. Development of a PCR assay to detect Fusarium poae in wheat. Plant Pathol. 1996,
45, 383-391.

Beccari, G.; Arellano, C.; Covarelli, L.; Tini, F.; Sulyok, M.; Cowger C. Effect of infection timing on fusarium
head blight causal agents and secondary metabolites in grains. Int. ]. Food Microbiol. 2019, 290, 214-225.
Brandfass, C.; Karlovsky, P. Upscaled CTAB-Based DNA extraction and Real-Time PCR assays for
Fusarium culmorum and F. graminearum DNA in plant material with reduced sampling error. Int. ]. Mol. Sci.
2008, 9, 2306—2321.

Nicolaisen, M.; Supronien, S.; Nielsen, L.K.; Lazzaro, I.; Spliid, N.H.; Justesen, A.F. Real-time PCR for
quantification of eleven individual Fusarium species in cereals. ]. Microbiol. Methods 2009, 76, 234-240.



Toxins 2020, 12, 97 34 of 34

89.

90.

91.

92.

93.

94.

Malachova, A.; Sulyok, M.; Beltran, E.; Berthiller, F.; Krska, R. Optimization and validation of a quantitative
liquid chromatography-tandem mass spectrometric method covering 295 bacterial and fungal metabolites
including all regulated mycotoxins in four model food matrices. . Chromatogr. A 2014, 1362, 135-146.
Ciabatta, L.; Marra, A.C.; Panegrossi, G.; Casella, D.; Sano, P.; Dietrich, S.; Massari, C.; Brocca L. Daily
precipitation estimation through different microwave sensors: verification study over Italy. J. Hydrol. 2017,
545, 436-450.

Pinheiro, J.C.; Bates, D.M. Mixed-Effects Models in S and S-Plus. In Statistics and computing, Springer-
Verlag, Springer Science and Business Media: New York, USA, 2000, 528, 201-267.
https://books.google.com.ph/books?hl=en&lr=&id=ZRnoBwA AQBA]&oi=fnd &pg=PR7&dq=Mixed-
EffectstModels+in+S+and+S-

Plus&ots=c2q0i0ed Gw&sig=on3ESrNutNIQCLkVyw2tu2TtOI8&redir_esc=y#v=onepage&q=Mixed-
Effects%20Models%20in%20S%20and %20S-Plusé&f=false (accessed on3 June 2019)

Bretz, F.; Hotorn T.; Westfall P. Multiple comparisons using R. Chapman & Hall/CRC Press, Taylor & Francis
Group: Boca Raton, FL, USA, 2011; 183, 41-68.
https://content.taylorfrancis.com/books/download?dac=C2009-0-00469-
3&isbn=9781420010909&format=googlePreviewPdf (accessed on 3 June 2019)

R Core Team, 2019. R: A Language and Environment for Statistical Computing. R foundation for Statistical
Computing, Vienna, Austria. Available on line: http://R-project.org (accessed on 3 June 2019).

Lenth, R.V. Least-Squares Means: The R Package Ismeans. |. Stat. Softw. 2016, 69, 1-33.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



