
Vol.:(0123456789)

Mycotoxin Research (2024) 40:203–210 
https://doi.org/10.1007/s12550-024-00521-w

ORIGINAL ARTICLE

Mycotoxin occurrence in kernels and straws of wheat, barley, 
and tritordeum

Marco Gozzi1  · Massimo Blandino2  · Renato Bruni1  · Luca Capo2  · Laura Righetti3,4  · Chiara Dall’Asta1 

Received: 6 October 2023 / Revised: 4 January 2024 / Accepted: 8 January 2024 / Published online: 18 January 2024 
© The Author(s) 2024

Abstract
Thirty-two varieties of common and durum wheat, hordeum, barley, and tritordeum collected over two harvesting years 
(2020 and 2021) were investigated for the presence of multiple Fusarium-related mycotoxins in asymptomatic plants. DON, 
3-AcDON, 15-AcDON, T-2, HT-2, and ZEN together with the emerging mycotoxin ENN B and the major modified form of 
DON, namely DON3Glc, were quantified by means of UHPLC-MS/MS. Overall, DON and ENN B were the most frequently 
detected mycotoxins, albeit large inter-year variability was observed and related to different climate and weather conditions. 
Straws had higher mycotoxin contents than kernels and regarding DON occurrence tritordeum was found to be the most 
contaminated group on average for both harvesting years, while barley was the less contaminated one. Emerging mycotoxin 
ENN B showed comparable contents in kernels compared to straw, with a ratio close to 1 for tritordeum and barley. Regarding 
the occurrence of the other evaluated mycotoxins, T-2 and HT-2 toxins have been spotted in a few tritordeum samples, while 
ZEN has been frequently found only in straw from the harvesting year 2020. The data collected confirms the occurrence of 
multiple Fusarium mycotoxins in straws also from asymptomatic plants, highlighting concerns related to feed safety and 
animal health. The susceptibility of Tritordeum, hereby reported for the first time, suggests that careful measures in terms 
of monitoring, breeding, and cultural choices should be applied when dealing with his emerging crop.
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Introduction

Fusarium head blight (FHB) is a major fungal disease in cere-
als, caused by multiple Fusarium species that commonly co-
occur, being Fusarium graminearum, F. culmorum, F. poae, 
and F. avenaceum the most common in Europe (Karlsson  
et al. 2021).

Fusarium species are able to infect at flowering several 
small-grain cereals such as common wheat (Triticum aesti-
vum spp. aestivum L.), durum wheat (Triticum turgidum spp. 
durum Desf.) and barley (Hordeum vulgare L.) (Karlsson  
et al. 2021), as well as crops obtained from artificial hybrid-
izations of durum wheat such as triticale (× Triticosecale 
Witt., cross with rye) and tritordeum (x Tritordeum marti-
nii A. Pujadas, nothosp. nov., cross with a wild barley spe-
cies, H. chilense Roem. et Schultz) (Miedaner et al. 2016; 
Schöneberg et  al. 2018; Spaggiari et  al. 2019). Among 
reported cereals, durum wheat is generally more prone to 
FHB disease than common one due to genetic and morpho-
logical traits (Giancaspro et al. 2018), although a wide varie-
tal susceptibility is reported, particularly within the common 
wheat genotypes. Although only a few studies are available, 
recent investigations suggested a high FHB susceptibility 
in the first commercial cultivars of tritordeum, with a phy-
tosanitary risk in production situations prone to the disease, 
similar to durum wheat (Landolfi and Blandino 2023). 
In addition to the genetic background of the host plant, 
FHB is influenced by agricultural practices which have a 
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direct influence on inoculum production (Scala et al. 2016;  
Ferrigo et al. 2016). In particular, minimum or reduced till-
age and crop rotation with maize or sorghum is reported 
to increase the potential of FHB epidemics on small-grain 
cereals (Scarpino and Blandino 2021). The incidence of 
FHB is also highly correlated with weather patterns and in 
particular with rainy days with warm temperature at anthe-
sis (Alisaac and Mahlein 2023). Regarding that, climate 
change impact the weather patterns which in turn are able 
to deeply affect growth, distribution, and mycotoxin pro-
duction of pathogenic fungi increasing concerns about food 
and feed safety (Moretti et al. 2019). In addition, changes in 
atmospheric  CO2 concentration and water availability can 
also modulate plant-pathogen interactions (Scala et al. 2016; 
Timmusk et al. 2020). Moreover, plant organ damage due to 
insect pests can favor fungal infection and spreading (Tola 
and Kebede 2016). Finally, pathogenic Fusaria also interact 
with environmental microbiota giving rise to complex eco-
logical interactions that affect the disease development and 
mycotoxin production (Venkatesh and Keller 2019; Karlsson 
et al. 2021).

Fusarium diseases cause significant losses in grain yield 
and affect crop quality, leading also to the contamination 
by several mycotoxins that can cause a variety of adverse 
effects to humans and livestock. Occurrence of Fusarium 
mycotoxins in wheat kernels are reported to be positively 
correlated to FHB disease incidence and severity (Moretti 
et al. 2019). Fusarium mycotoxins include, among others, 
trichothecenes such as deoxynivalenol (DON), T-2 and 
HT-2, zearalenone (ZEN), and emerging mycotoxins such 
as enniatins (ENNs) (Lindblad et al. 2013). Mycotoxins fre-
quently co-occur because of the ability of a single Fusarium 
strain to produce different mycotoxins and to the frequent 
co-infection by different Fusarium species of the same crop 
grown in open field (Lindblad et al. 2013). Co-occurrence 
poses a significant threat to public health, due to the additive 
or synergistic effects of these compounds making a multi-
mycotoxin analytical approach of primary importance (Lee 
and Ryu 2017). In addition, plants possess the ability to bio-
transform mycotoxins to modified forms that represent an 
additional potential source of exposure for consumers. For 
instance, DON is transformed by adding a glucose moiety 
giving rise to DON3Glc, the most common, and abundant 
masked mycotoxin reported so far (Berthiller et al. 2013).

While Fusarium infection usually occur in kernels, where 
it induces a high mycotoxin content, these compounds and 
their plant metabolites have been reported also in spindles,  
stems, leaves, and straws of cereals (Häggblom and Nordkvist  
2015; Moretti et al. 2014; Ulrich et al. 2021). In general, 
contamination in straws is higher than in corresponding 
kernels, posing therefore serious threat to animal wel-
fare due to its use as feed (Ulrich et al. 2021). In addition, 
Brinkmayer et al. (2006), while reporting on the kinetic of 

DON accumulation in spindles, stems as straws, observed 
a decrease in concentration after a maximum, probably 
due to DON biotransformation in plant. Although DON 
translocation was described by several authors (Kang and 
Buchenauer 1999; Snijders 2004), it is still unclear at which 
extent DON and DON3Glc occurrence in kernels and straws 
may be related to translocation. Furthermore, little is known 
so far about emerging Fusarium compounds such as ENNs, 
although their occurrence in straws may also pose risk for 
farming animals. It was indeed reported on the potential 
accumulation of lipophilic mycotoxins such as ENNs in 
some animal tissues (Křížová et al. 2021).

This study aimed to carry out a comparison between mul-
tiple small-grain cereal genotypes, referring to common and 
durum wheat, barley, and tritordeum with regard to their 
susceptibility to multi-mycotoxin accumulation in kernels 
and straw. Considering the large spectrum of factors that 
have an influence on infection, spreading and mycotoxin 
production of Fusaria in open field, kernel, and straw sam-
ples from varieties grown over two consecutive harvesting 
years at the same location, were considered in this study. To 
properly compare the different crops and variety, consistent 
agronomic conditions were applied, and climate data were 
recorded.

Materials and methods

Chemicals

Analytical standards of DON and its acetylated forms 
3-AcDON and 15-AcDON (100  mg/L in acetonitrile), 
DON3Glc (50 mg/L in acetonitrile), T-2 toxin (100 mg/L 
in acetonitrile), HT-2 toxin (100 mg/L in acetonitrile), ZEN 
(100 mg/L in acetonitrile), and ENN B (1 g/L in metha-
nol) were purchased from Romer Labs (Getzersdorf, Aus-
tria). UHPLC-grade methanol, acetonitrile, acetic acid, and 
water were purchased from VWR Chemicals (Radnor, USA). 
Ammonium acetate was purchased from Sigma-Aldrich (St. 
Louis, USA).

Samples and design of the field experiment

Samples from thirty-two varieties, as summarized in sup-
plementary Table S1, grown in a sandy-loam soil at Cigli-
ano (NW Italy, 45°18′N, 8°01′E; altitude 237 m) were col-
lected over two harvesting years (2020 and 2021). These 
varieties belong to different cereal species, namely common 
and durum wheat, barley, and tritordeum. For each sample, 
two technical replicates, obtained from the repetition of the 
extraction step of samples from the same plots, were meas-
ured and results were averaged. Three biological replicates, 
obtained from different plots for each variety and each year, 
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were analyzed (N = 3 × 32 × 2 = 192) for both kernel and 
straw.

The growing area is characterized by a humid subtropical 
climate according to the Köppen climate classification and 
by a probable high FHB pressure, due to the environmen-
tal and agronomic conditions involving a frequent rotation 
with maize (Beck et al. 2018). The daily temperatures and 
precipitation, shown in Table 1, were measured at a mete-
orological station near the experimental area.

The agronomic growing technique commonly adopted 
in the area for small cereal was applied to all the varieties. 
Briefly, the previous crop was maize, the field was ploughed 
each year, incorporating the debris into the soil, and this was 
followed by disk harrowing to prepare a suitable seedbed. 
Planting was conducted in 12-cm-wide rows at a seeding rate 
of 450 seeds/m2 in November. A total of 130 kg N/ha was 
applied, split 50 at wheat tillering [growth stage (GS) 23] 
and 80 kg N/ha at the beginning of stem elongation (GS31), 
as an ammonium nitrate fertilizer.

A mixture of a strobilurin and a carboxamide fungi-
cide (pyraclostrobin 150 g/ha and fluxapyroxad 75 g/ha, 
 Priaxor®, BASF Agricultural Solutions) was applied at the 
booting stage (GS 39–45) to control foliar diseases. No 
fungicide was applied at flowering (GS61-65) to control 
FHB infection. The sowing and harvest dates are reported 
in supplementary Table S2, together with the dates of the 
main agronomic practices management, for each growing 
season. Treatments were assigned to an experimental unit 
using a completely randomized block design with three rep-
licates. The plots measured 7 × 1.5 m and the grain yields 
were obtained by harvesting the whole plot using a Walter 
Wintersteiger cereal plot combine-harvester. The harvested 
kernels were mixed thoroughly, and 3-kg kernel samples 

were taken from each plot and were ground to whole-meal 
using a centrifugal mill equipped with a 1-mm sieve (ETM 
mill, Vercella Fabio, Mercenasco, Italy) to analyze the 
mycotoxin content. A straw sample of approximately 5 kg 
was collected behind the combine-harvester, dried at 60 °C 
for 72 h in order to reduce the moisture content to 10%, and 
milled using a centrifugal mill equipped with a 1-mm sieve 
(ETM mill) to analyze the mycotoxin content.

Sample preparation

Kernel and straw-milled samples were extracted according to 
Malachová et al. (2014) with some modifications as follows. 
Eight milliliters of acetonitrile/water (80:20, v/v) mixture 
acidified with 0.1% formic acid was added to 2 g of ground 
kernels (0.5 g of ground straw). The samples were extracted 
for 90 min using a platform shaker (Ika Werke, Germany) at 
a speed of 200 strokes/min and subsequently centrifugated 
for 2 min at 1800 × g at room temperature. One thousand 
microliters of supernatant was transferred into amber glass 
vials and then injected into the UHPLC-MS/MS system.

UHPLC‑MS/MS analysis

Samples were analyzed according to Righetti et al. (2019) 
and Malachova et al. (2014), using a UHPLC Dionex Ulti-
mate 3000 coupled to a triple quadrupole mass spectrom-
eter TSQ Vantage (Thermo Fisher Scientific, Waltham, 
USA) equipped with an electrospray source (ESI). Briefly, 
the chromatographic separation was obtained using a Sun-
shell C18 column (Chromanik Technologies, Osaka, Japan) 
2.1 × 100 mm, 2.6 μm particle size, heated to 40 °C. 2 μL 
of sample extract was injected into the UHPLC system and 
the flow rate was set up to 0.35 mL/min. Gradient elution 
was performed by using water (eluent A) and methanol (elu-
ent B) both acidified with 0.2% v/v acetic acid. Ammonium 
acetate was added to the eluent A at the final concentration 
of 5 mM. Initial conditions were set at 98% A and 2% B for 
2 min, then eluent B was increased to 20%, after an isocratic 
step (6 min), eluent B was further increased to 90%, and 
this condition was maintained for 10 min until the return to 
the initial condition. The total run time was 26.5 min. Mass 
spectrometric analysis was performed both in positive and 
negative ionization mode in multiple reaction monitoring 
(MRM), spray voltage 3000 V, capillary temperature 270 °C, 
vaporizer temperature 200 °C, sheath gas pressure 50 units, 
and auxiliary gas pressure 5 units. The following quantifier 
transitions were measured: DON m/z 355 > 295 (CE 13 eV) 
and m/z 355 > 265 (CE 19 eV), DON3Glc m/z 517 > 457 
(CE 17 eV), and m/z 517 > 427 (CE 24 eV); 3-AcDON and 
15-AcDON m/z 397 > 307 (CE 18 eV) and m/z 397 > 59 (CE 
20 eV); T-2 m/z 484 > 215 (CE 19 eV) and m/z 484 > 185 
(CE 22 eV); HT-2 m/z 442 > 263 (CE 11 eV), ZEN m/z 

Table 1  Monthly rainfall and growing degree days (GDD) for each 
growing season

1 Accumulated growing degree days for each month using a 0 °C base 
value. Source: Rete Agrometeorologica del Piemonte – Regione Pie-
monte—Assessorato Agricoltura—Settore Fitosanitario, sezione di 
Agrometeorologia

2019–2020 2020–2021

Rainfall GDD1 Rainfall GDD1

Month (mm) (Σ °C  d−1) (mm) (Σ °C  d−1)
November 314 249 4 277
December 132 193 79 144
January 5 168 116 128
February 1 229 29 203
March 62 285 8 286
April 81 414 37 353
May 122 579 69 501
June 113 624 86 674
Nov–June 830 2741 428 2567
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317 > 175 (CE 26 eV), and m/z 317 > 131 (CE 32 eV); ENN 
B m/z 640 > 528 (CE 20 eV), m/z 640 > 314 (CE 31 eV), 
m/z 640 > 214 (CE 26 eV), m/z 640 > 196 (CE 29 eV), m/z 
640 > 186 (CE 37 eV), and m/z 640 > 86 (CE 44 eV). Matrix-
matched calibration curves (range 1 ng/g–5000 ng/g) showed 
good linearity for all the target analytes (R2 > 0.99). Quality 
control data are reported in our previous works (Righetti 
et al. 2019; Camardo Leggieri et al. 2020). Data acquisition 
was performed by Thermo Xcalibur 2.2 software (Thermo 
Fisher Scientific, Waltham, USA).

Statistical analysis

ANOVA followed by Tuckey post hoc test (α = 0.05) and 
Pearson’s correlation test (α = 0.01) were performed using 
IBM SPSS v.25.0 (SPSS Italia, Bologna, Italy). Data were 
log-normalized prior to statistical analysis and the value cor-
responding to the limit of detection (LOD) was assigned to 
all samples with levels below this value. Three biological 
replicates were considered for each variety, and each year, 
the average of two independent technical replicates were 
considered for each biological replicate.

Results and discussion

The two growing seasons showed different meteorological 
trends as far as both rainfall and temperature (expressed 
as growing degree days, GDDs) are concerned (Table 1). 
During the year 2020, the rainfall was much higher after 
sowing (November) and between stem elongation and flow-
ering (April–May) (Table 1). Overall, within the growing 
season, rainfall was almost double in 2020 compared to 2021 
(830 mm vs 428 mm). 2020 had also a higher temperature 
than 2019, as described by differences in GDD data (2741 
vs 2567 Σ °C  d−1).

To carry out a comparison between cereals, the thirty-
two varieties evaluated in this study were grouped based on 
the crops to which they belong (supplementary Table S1) 
and screened for some of the most relevant Fusarium myco-
toxins by means of UHPLC-MS/MS. DON, 3-AcDON, 
15-AcDON, T-2, HT-2, and ZEN together with the emerg-
ing mycotoxin ENN B and the major modified form of DON, 
namely DON3Glc, were quantified as shown in Table 2.

Overall, DON and ENN B were the most frequently 
detected mycotoxins. In particular, samples from the har-
vesting year 2020 showed a higher contamination level of 
about an order of magnitude on average for both kernels and 
straw compared to the harvesting year 2021 (Table 2). How-
ever, such a large difference was not surprising given the dif-
ferent meteorological scenario previously described. In addi-
tion, straw was found to be on average more contaminated 

than kernels for the vast majority of samples, in accordance 
with literature data for wheat (Ji et al. 2015).

Regarding DON occurrence in kernels, significant dif-
ferences were observed. Tritordeum was found to be the 
most contaminated group on average for both the harvesting 
years (4098 ± 324 ng/g for 2020 and 335 ± 33 ng/g for 2021), 
while barley was the less contaminated one (546 ± 114 ng/g 
for 2020 and 57 ± 17 ng/g for 2021). However, according 
to one-way ANOVA, the only significant difference found 
was between tritordeum and barley (2020: p = 0.012; 2021: 
p = 0.021). About DON occurrence in straw, tritordeum was 
found as the most contaminated group on average for 2020 
(7232 ± 1529 ng/g) and common wheat the most contami-
nated one for 2021 (601 ± 453 ng/g). According to one-way 
ANOVA (α = 0.05), the only significant difference found 
for straw (year 2020) was between tritordeum and barley 
(p = 0.010). In addition, according to Pearson’s correlation 
test, a significant positive correlation was found between 
DON occurrence in kernels and straw for the harvesting year 
2020 (r = 0.568, p < 0.001) and 2021 (r = 0.285, p = 0.019) 
when all varieties were considered, consistently with what 
was reported in the literature for wheat, that was the most 
represented crop in this dataset (Bissonnette et al. 2018a). 
The ratio between DON content in kernels and straws is rep-
resented in Fig. 1. As shown, although DON mean content 
is higher in straws than in kernels over both harvesting years 
and across all species, the ratio is not fully conserved. Over-
all, our results are consistent with those previously reported 
(Haggblom and Nordkvist, 2015; Nordkvist and Haggblom 
2014; Brinkmeyer et al. 2006; Daenicke et al. 2006), all 
pointing out a higher DON content in straws than in kernels.

Unfortunately, our findings cannot explain the route of 
DON contamination in straws. Literature evidence is con-
troversial, with studies reporting on F. graminearum colo-
nization in straws deriving from fungal inocula present in 
soil and/or seeds and other discussing potential fungal infec-
tion at the flowering stage (Ludewig et al. 2005; Wegulo 
et al. 2012; Moretti et al. 2014). In our study, no disease 
symptoms were visually observed in the field. This is also in 
agreement with previous findings. In particular, Haggblom  
and Nordkvist (2015) pinpointed the high DON level 
recorded despite the good agricultural practices applied and 
the lack of visual symptoms of fungal disease observed over 
the harvest season.

Due to its polarity, also a translocation of DON from the 
apical parts of the plant cannot be ruled out, following fun-
gal infection at the flowering stage. However, considering 
the higher content of DON in straws compared to kernels, 
in our case, such occurrence is unlikely to be ascribed to 
translocation only.

DON3Glc was found below the limit of quantification  
for the majority of samples from 2021. When the harvest-
ing year 2020 was considered, a strong positive correlation  
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with DON occurrence was found for both kernels (r = 0.678,  
p < 0.001) and straw (r = 0.582, p < 0.001) consistently to 
what was reported by Ovando-Martínez et al. (2013). In 
2020, the DON3Glc/DON ratio lays between 0.04 and 0.20 
in kernels and 0.08 and 0.47 in straws, being the highest 
ratio found in barley (0.20 and 0.47, respectively). This 
is consistent with the scientific literature reporting a bio-
transformation of about 20–30% for cereal grains (Moretti 
et al. 2014). Based on the collected data, the ratio appears 
slightly higher in straws than in kernels, suggesting a 
higher accumulation of DON3Glc in straws. This may 
be ascribed to a tissue-dependent biotransformation, as 
already reported by Righetti et al. (2020) or to DON3Glc 
translocation from kernels. Due to the higher polarity of 
the glucoside compared to the aglycone (logP =  − 2.3 
and − 0.7, respectively, based on PubChem records), a 

higher translocation efficiency is plausible, although 
more dedicated studies are needed to fully explore this 
hypothesis. 

While observing the contamination by ENN B, this myco-
toxin was frequently spotted below the limit of quantification 
for the year 2021. When the harvesting year 2020 was con-
sidered, common wheat was found as the less contaminated 
group for kernels (365 ± 222 ng/g) and significantly differs 
(p < 0.001) from the other groups according to one-way 
ANOVA, while for straw no significant differences emerged 
between groups. Differently from what observed for DON, 
ENN B content in kernels and straws is comparable, with a 
ratio close to 1 for tritordeum and barley. The higher lipo-
philicity of ENN B (logP = 6.5 based on PubChem records) 
compared to DON and DON3Glc makes plant translocation 
less likely.

Table 2  Overall occurrence of mycotoxins in samples of kernel and 
straw belonging to the different groups considered in this study. Data 
are expressed in microgram per kilogram as a range of concentration. 
The range is given in brackets. LOD: DON and DON3Glc 10 ng/g, 

3-AcDON and 15-AcDON 250  ng/g, HT-2 5  ng/g, T-2, ZEN and 
ENN B 1  ng/g. Number of samples (N): common wheat (N = 300), 
durum wheat (N = 24), barley (N = 24), tritordeum (N = 36)

Mycotoxins Crops Kernels Straws

2020 2021 2020 2021

DON Common wheat 2019 ab (360–6253) 147 ab (40–472) 4117 a (656–12,333) 601 ab (60–1644)
Durum wheat 3487 ab (2300–4673) 310 a (218–402) 3268 a (2139–4395) 521 a (377–665)
Tritordeum 4098 a (3854–4466) 335 a (299–363) 7232 a (5480–8300) 386 a (327–427)
Barley 546 b (465–627) 57 b (45–69) 805 b (904–706) 284 b (< 40–407)

DON3Glc Common wheat 88 ab (< LOD-357)  < LOD 1049 (60–3007) 149 (< LOD-440)
Durum wheat 411 ab (190–632)  < LOD 453 (< LOD-896)  < LOD
Tritordeum 469 a (385–534)  < LOD 591 (449–728) 93 (63–125)
Barley 108 b (< LOD-206)  < LOD 377 (355–398)  < LOD

ZEN Common wheat 24 (< LOD-90)  < LOD 93 (4–328)  < LOD
Durum wheat 41 (12–70)  < LOD 233 (210–255)  < LOD
Tritordeum 5 (< LOD-7)  < LOD 138 (54–221)  < LOD
Barley 12 (< LOD-18)  < LOD 142 (4–318)  < LOD

ENNB Common wheat 365 b (91–1153) 5 b (4–18) 671 (263–1379) 41 (< LOD-295)
Durum wheat 4037 a (1011–7063) 8 b (4–13) 1238 (1044–1432) 230 (62–398)
Tritordeum 1757 a (1588–1852) 22 a (11–34) 1415 (670–2285) 70 (24–132)
Barley 1110 a (1102–1118) 52 a (24–80) 1115 (510–1721) 35 (23–47)

T-2 Common wheat  < LOD  < LOD  < LOD—83  < LOD
Durum wheat  < LOD  < LOD  < LOD—127  < LOD
Tritordeum  < LOD 5 (4–12)  < LOD—38  < LOD
Barley  < LOD  < LOD  < LOD—143  < LOD

HT-2 Common wheat  < LOD  < LOD  < LOD  < LOD
Durum wheat  < LOD  < LOD  < LOD  < LOD
Tritordeum  < LOD  < LOD  < LOD  < LOD
Barley  < LOD  < LOD  < LOD  < LOD

3-/15-AcDON Common wheat  < LOD  < LOD  < LOD  < LOD
Durum wheat  < LOD  < LOD  < LOD  < LOD
Tritordeum  < LOD  < LOD  < LOD  < LOD
Barley  < LOD  < LOD  < LOD  < LOD
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Regarding the occurrence of the other evaluated mycotox-
ins, T-2 and HT-2 toxins have been spotted in few tritordeum 
samples, while ZEN has been frequently found only in straw 
from the harvesting year 2020. This is also in line with what 
was previously reported (Haggblom and Nordkvist 2015). 
Finally, acetylated forms of DON have been not detected 
at all.

The higher DON contamination reported in this study for 
durum wheat and tritordeum kernels compared to common 
wheat and barley was observed despite the great difference 
in contamination level between the harvesting years con-
sidered. This aspect needs to be carefully evaluated in light 
of the frequent multiple infection of Fusarium species that 
take place in the field and the consequent co-occurrence 
of Fusarium mycotoxins, some of which are not regulated 
nor routinary evaluated. Particularly, these findings under-
line the need for increased attention to the safety profile of 
tritordeum, considering its current use as an alternative to 
produce food products. Therefore, although further investi-
gations involving a larger set of tritordeum varieties seem to 
be warranted to consolidate these results, the choice of the 
growing areas for the cultivation of this new crop need to 
consider carefully the potential constraints related to phy-
tosanitary risk. Moreover, future tritordeum breeding will 
require the use of durum parental lines specifically selected 
for the FHB resistance.

Ultimately, this study confirms the high levels of Fusar-
ium mycotoxins in straws from asymptomatic plants, high-
lighting that multiple different noxious compounds co-occur. 
From a feed safety and animal health perspective, this can 
pose a risk, especially for monogastric livestock (Bissonnette  
et al. 2018b). In addition, from an agronomic point of view, 

the source of such contamination is still unclear and worth 
of further investigation. In particular, the potential transloca-
tion of DON and DON3Glc in the plant as well as the tis-
sue-specific biotransformation may provide useful insights 
into plant resistance mechanisms for biocontrol strategies 
development.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12550- 024- 00521-w.

Author contribution Conceptualization: MG, RB, CDA, MB; investi-
gation: MG; formal analysis: MG, CDA; writing—original draft prepa-
ration: MG; writing—review: RB, CDA, LR, MB; methodology: LR, 
MB; collection of samples: LC; resources: RB, MB, CDA; project 
administration and supervision: RB, MB, CDA.

Funding Open access funding provided by Università degli Studi di 
Parma within the CRUI-CARE Agreement.

Data availability Not applicable.

Declarations 

Competing interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Fig. 1  Ratios of DON contami-
nation in kernels and straws per 
crops and harvest year (light 
gray: 2020; white: 2021)

https://doi.org/10.1007/s12550-024-00521-w
http://creativecommons.org/licenses/by/4.0/


209Mycotoxin Research (2024) 40:203–210 

References

Alisaac E, Mahlein A-K (2023) Fusarium head blight on wheat: biol-
ogy, modern detection and diagnosis and integrated disease 
management. Toxins (basel) 15:192. https:// doi. org/ 10. 3390/  
toxin s1503 0192

Beck HE, Zimmermann NE, McVicar TR et al (2018) Present and 
future Köppen-Geiger climate classification maps at 1-km resolu-
tion. Sci Data 5. https:// doi. org/ 10. 1038/ sdata. 2018. 214

Berthiller F, Crews C, Dall’Asta C, et al (2013) Masked mycotoxins: a 
review. Mol Nutr Food Res 57:165–186. https:// doi. org/ 10. 1002/ 
mnfr. 20110 0764

Bissonnette KM, Kolb FL, Ames KA, Bradley CA (2018a) Effect of 
wheat cultivar on the concentration of fusarium mycotoxins in 
wheat stems. Plant Dis 102:2539–2544. https:// doi. org/ 10. 1094/ 
pdis- 12- 17- 2034- re

Bissonnette KM, Kolb FL, Ames KA, Bradley CA (2018b) Effect of 
fusarium head blight management practices on mycotoxin con-
tamination of wheat straw. Plant Dis 102:1141–1147. https:// doi. 
org/ 10. 1094/ PDIS- 09- 17- 1385- RE

Brinkmeyer U, Dӓnicke S, Lehmann M, Valenta H, Lebzien P,  
Schollenberger M, Weinert J, Flachowsky G (2006) Inflence of a 
Fusarium culmorum inoculation of wheat on the progression of 
mycotoxin accumulation, ingredient concentration and ruminal in 
sacco dry matter degradation of wheat residues. Archives Animal 
Nutr 60(2). https:// doi. org/ 10. 1080/ 17450 39060 05626 50

Camardo-Leggieri M, Lanubile A, Dall’Asta C, Pietri A, Battilani P. 
(2020) The impact of seasonal variation on mycotoxins: maize 
crop in 2014 in northern Italy as a case study. World Mycotoxin J 
13(1):25–36. https:// doi. org/ 10. 3920/ WMJ20 19. 2475

Dänicke S, Lehmann M, Valenta H, Lebzien P, Schollenberger M, 
Südekum KH, Weinert J, Flachowsky G (2006) Influence of a 
Fusarium culmorum inoculation of wheat on the progression of 
mycotoxin accumulation, ingredient concentrations and ruminal 
in sacco dry matter degradation of wheat residues. Arch Anim 
Nutr 60:141–157. https:// doi. org/ 10. 1080/ 17450 39060 05626 50

Ferrigo D, Raiola A, Causin R (2016) Fusarium toxins in cere-
als: occurrence, legislation, factors promoting the appearance 
and their management. Molecules 21. https:// doi. org/ 10. 3390/  
molec ules2 10506 27

Giancaspro A, Lionetti V, Giove SL, Zito D, Fabri E, Reem N, Zabotina 
OA, De Angelis E, Monaci L, Bellincampi D, Gadaleta A (2018) 
Cell wall features transferred from common into durum wheat to 
improve Fusarium Head Blight resistance. Plant Sci 274:121–128. 
https:// doi. org/ 10. 1016/j. plant sci. 2018. 05. 016

Häggblom P, Nordkvist E (2015) Deoxynivalenol, zearalenone, and 
Fusarium graminearum contamination of cereal straw; field dis-
tribution; and sampling of big bales. Mycotoxin Res 31:101–107. 
https:// doi. org/ 10. 1007/ s12550- 015- 0220-z

Ji F, Wu J, Zhao H et al (2015) Relationship of deoxynivalenol content 
in grain, chaff, and straw with Fusarium head blight severity in 
wheat varieties with various levels of resistance. Toxins (basel) 
7:728–742. https:// doi. org/ 10. 3390/ toxin s7030 728

Kang Z, Buchenauer H (1999) Immunocytochemical localization of 
fusarium toxins in infected wheat spikes by Fusarium culmo-
rum. Physiol Mol Plant Pathol 55(5):275–288. https:// doi. org/ 10. 
1006/ pmpp. 1999. 0233

Karlsson I, Persson P, Friberg H (2021) Fusarium head blight from a 
microbiome perspective. Front Microbiol 12. https:// doi. org/ 10. 
3389/ fmicb. 2021. 628373

Křížová L, Dadáková K, Dvořáčková M, Kašparovský T (2021) Feed-
borne mycotoxins Beauvericin and Enniatins and livestock ani-
mals. Toxins (Basel) 13. https:// doi. org/ 10. 3390/ toxin s1301 0032

Landolfi V, Blandino M (2023) Minor cereals and new crops: tritor-
deum. In: Ferranti P, Sustainable food science - a comprehensive 

approach. Elsevier 83 – 103. https:// doi. org/ 10. 1016/ B978-0- 12- 
823960- 5. 00023-8.

Lee HJ, Ryu D (2017) Worldwide occurrence of mycotoxins in cereals 
and cereal-derived food products: public health perspectives of 
their co-occurrence. J Agric Food Chem 65:7034–7051. https:// 
doi. org/ 10. 1021/ acs. jafc. 6b048 47

Lindblad M, Gidlund A, Sulyok M et al (2013) Deoxynivalenol and 
other selected fusarium toxins in Swedish wheat - occurrence and 
correlation to specific fusarium species. Int J Food Microbiol 
167:284–291. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2013. 07. 002

Ludewig A, Kabsch U, Verreet JA (2005) Comparative deoxyniva-
lenol accumulation and aggressiveness of isolates of Fusarium 
graminearum on wheat and the influence on yield as affected 
by fungal isolate and wheat cultivar. J Plant Dis Prot 112:329–
342. https:// www. jstor. org/ stable/ 43215 634.

Malachová A, Sulyok M, Beltrán E et al (2014) 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. J Chromatogr A 
1362:145–156. https:// doi. org/ 10. 1016/j. chroma. 2014. 08. 037

Miedaner T, Kalih R, Großmann MS, Maurer HP (2016) Correla-
tion between Fusarium head blight severity and DON content 
in triticale as revealed by phenotypic and molecular data. Plant 
Breeding 135:31–37. https:// doi. org/ 10. 1111/ pbr. 12327

Moretti A, Panzarini G, Somma S, Campagna C, Ravaglia S, Logrieco 
AF, Solfrizzo M (2014) Systemic growth of F. graminearum in 
wheat plants and related accumulation of deoxynivalenol. Toxins 
6:1308–1324. https:// doi. org/ 10. 3390/ toxin s6041 308

Moretti A, Pascale M, Logrieco AF (2019) Mycotoxin risks under 
a climate change scenario in Europe. Trends Food Sci Technol 
84:38–40. https:// doi. org/ 10. 1016/j. tifs. 2018. 03. 008

Nordkvist E, Haggblom P (2014) Fusarium mycotoxin contamination of 
cereals and bedding straw at Swedish pig farms. Feed Sci Technol 
198:231–237. https:// doi. org/ 10. 1016/j. anife edsci. 2014. 10. 002

Ovando-Martínez M, Ozsisli B, Anderson J et al (2013) Analysis of 
deoxynivalenol and deoxynivalenol-3-glucoside in hard red spring 
wheat inoculated with Fusarium Graminearum. Toxins (Basel) 
5:2522–2532. https:// doi. org/ 10. 3390/ toxin s5122 522

Righetti L, Cirlini M, Folloni S, Ranieri R, Galaverna G, Bertuzzi T, 
Dall’Asta C, Battilani P, Giorni P. (2019) 5-n-alkylresorcinols but 
not hydroxycinnamic acids are directly related to a lower accu-
mulation of deoxynivalenol and its glucoside in Triticum spp. 
genotypes with different ploidity levels. J Cereal Sci 85:214–220. 
https:// doi. org/ 10. 1016/j. jcs. 2018. 11. 011

Righetti L, Damiani T, Rolli E, Galaverna G, Suman M, Bruni R, 
Dall’Asta C (2020) Exploiting the potential of micropropagated 
durum wheat organs as modified mycotoxin biofactories: the case 
of deoxynivalenol. Phytochemistry 170:112194. https:// doi. org/ 
10. 1016/j. phyto chem. 2019. 112194

Scala V, Aureli G, Cesarano G et al (2016) Climate, soil management, 
and cultivar affect Fusarium head blight incidence and deoxyni-
valenol accumulation in durum wheat of Southern Italy. Front 
Microbiol 7. https:// doi. org/ 10. 3389/ fmicb. 2016. 01014

Scarpino V, Blandino M (2021) Effects of durum wheat cultivars with 
different degrees of fhb susceptibility grown under different mete-
orological conditions on the contamination of regulated, modified 
and emerging mycotoxins. Microorganisms 9:1–22. https:// doi. 
org/ 10. 3390/ micro organ isms9 020408

Schöneberg T, Jenny E, Wettstein FE et al (2018) Occurrence of Fusar-
ium species and mycotoxins in Swiss oats—impact of cropping 
factors. Eur J Agron 92:123–132. https:// doi. org/ 10. 1016/j. eja. 
2017. 09. 004

Snijders CHA (2004) Resistance in wheat to Fusarium infection and 
trichothecene formation. Toxicol Lett 153(1):37–46. https:// doi. 
org/ 10. 1016/j. toxlet. 2004. 04. 044

https://doi.org/10.3390/toxins15030192
https://doi.org/10.3390/toxins15030192
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1002/mnfr.201100764
https://doi.org/10.1002/mnfr.201100764
https://doi.org/10.1094/pdis-12-17-2034-re
https://doi.org/10.1094/pdis-12-17-2034-re
https://doi.org/10.1094/PDIS-09-17-1385-RE
https://doi.org/10.1094/PDIS-09-17-1385-RE
https://doi.org/10.1080/17450390600562650
https://doi.org/10.3920/WMJ2019.2475
https://doi.org/10.1080/17450390600562650
https://doi.org/10.3390/molecules21050627
https://doi.org/10.3390/molecules21050627
https://doi.org/10.1016/j.plantsci.2018.05.016
https://doi.org/10.1007/s12550-015-0220-z
https://doi.org/10.3390/toxins7030728
https://doi.org/10.1006/pmpp.1999.0233
https://doi.org/10.1006/pmpp.1999.0233
https://doi.org/10.3389/fmicb.2021.628373
https://doi.org/10.3389/fmicb.2021.628373
https://doi.org/10.3390/toxins13010032
https://doi.org/10.1016/B978-0-12-823960-5.00023-8
https://doi.org/10.1016/B978-0-12-823960-5.00023-8
https://doi.org/10.1021/acs.jafc.6b04847
https://doi.org/10.1021/acs.jafc.6b04847
https://doi.org/10.1016/j.ijfoodmicro.2013.07.002
https://www.jstor.org/stable/43215634
https://doi.org/10.1016/j.chroma.2014.08.037
https://doi.org/10.1111/pbr.12327
https://doi.org/10.3390/toxins6041308
https://doi.org/10.1016/j.tifs.2018.03.008
https://doi.org/10.1016/j.anifeedsci.2014.10.002
https://doi.org/10.3390/toxins5122522
https://doi.org/10.1016/j.jcs.2018.11.011
https://doi.org/10.1016/j.phytochem.2019.112194
https://doi.org/10.1016/j.phytochem.2019.112194
https://doi.org/10.3389/fmicb.2016.01014
https://doi.org/10.3390/microorganisms9020408
https://doi.org/10.3390/microorganisms9020408
https://doi.org/10.1016/j.eja.2017.09.004
https://doi.org/10.1016/j.eja.2017.09.004
https://doi.org/10.1016/j.toxlet.2004.04.044
https://doi.org/10.1016/j.toxlet.2004.04.044


210 Mycotoxin Research (2024) 40:203–210

Spaggiari M, Righetti L, Galaverna G et al (2019) HR-MS profiling and dis-
tribution of native and modified Fusarium mycotoxins in tritordeum, 
wheat and barley whole grains and corresponding pearled fractions. 
J Cereal Sci 87:178–184. https:// doi. org/ 10. 1016/j. jcs. 2019. 03. 009

Timmusk S, Nevo E, Ayele F et al (2020) Fighting fusarium pathogens 
in the era of climate change: a conceptual approach. Pathogens 
9. https:// doi. org/ 10. 3390/ patho gens9 060419

Tola M, Kebede B (2016) Occurrence, importance and control of 
mycotoxins: a review. Cogent Food Agric 2. https:// doi. org/ 10. 
1080/ 23311 932. 2016. 11911 03

Ulrich S, Gottschalk C, Biermaier B (2021) Occurrence of type A, B 
and D trichothecenes, zearalenone and stachybotrylactam in straw. 

Arch Anim Nutr 75:105–120. https:// doi. org/ 10. 1080/ 17450 39X. 
2021. 18770 75

Venkatesh N, Keller NP (2019) Mycotoxins in conversation with bac-
teria and fungi. Front Microbiol 10. https:// doi. org/ 10. 3389/ fmicb. 
2019. 00403

Wegulo SN (2012) Factors influencing deoxynivalenol accumulation 
in small grain cereals. Toxins 4(11):1157–1180. https:// doi. org/ 
10. 3390/ toxin s4111 157

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jcs.2019.03.009
https://doi.org/10.3390/pathogens9060419
https://doi.org/10.1080/23311932.2016.1191103
https://doi.org/10.1080/23311932.2016.1191103
https://doi.org/10.1080/1745039X.2021.1877075
https://doi.org/10.1080/1745039X.2021.1877075
https://doi.org/10.3389/fmicb.2019.00403
https://doi.org/10.3389/fmicb.2019.00403
https://doi.org/10.3390/toxins4111157
https://doi.org/10.3390/toxins4111157

	Mycotoxin occurrence in kernels and straws of wheat, barley, and tritordeum
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Samples and design of the field experiment
	Sample preparation
	UHPLC-MSMS analysis
	Statistical analysis

	Results and discussion
	References


