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Abstract: Fusarium head blight (FHB) is an important disease of wheat and production of mycotoxins
makes it a major threat in most wheat-producing areas worldwide. This study aimed to identify the
impact of epidemic FHB conditions (usage of artificial Fusarium inoculation) on mycotoxin levels
in unprocessed wheat. Fusarium levels were monitored at two locations in two treatments (natural
infection and inoculation with Fusarium graminearum and F. culmorum) where 13 mycotoxins were
evaluated by LC/MS-MS in six winter wheat varieties. Due to favorable conditions for infection
with Fusarium fungi during the flowering period at location Tovarnik, wheat varieties had higher
disease severity and increased mycotoxin accumulation, compared to Osijek. The most abundant
mycotoxins in treatment with inoculation with Fusarium fungi were deoxynivalenol (DON), culmorin
(CUL) and hydroxyculmorins. In treatment with natural infection, DON did not exceed maximum
limits set by EU. Varieties with lower initial resistance accumulated DON even in naturally infected
samples at Tovarnik. These results highlighted the impact of environment variation in the production
of Fusarium mycotoxins where FHB initial resistance had a higher impact on the accumulation of
mycotoxins than general resistance. Furthermore, wheat samples with higher DON concentration
also contained elevated levels of CUL and hydroxyculmorins, showing that CUL can have a possible
role in Fusarium virulence. The FHB evaluations provide important information about the genetic
resistance of wheat varieties, as well as risk assessment considering mycotoxin accumulation in
epidemic conditions.
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1. Introduction

Wheat is one of the major staple and one of the “big three” cereal crops with an annual
worldwide production of over 600 million tons [1]. During the period of anthesis, the plant
is the most susceptible to diseases that affect wheat heads and one of the main concerns is
Fusarium head blight (FHB) caused by fungi of the genus Fusarium. The disease can result
in direct and indirect economic losses thus causing reduced grain yield and quality, as well
as production of mycotoxins [2].

A wide range of factors play different roles in the growth, survival and dissemina-
tion of the fungus and thus can influence disease severity and mycotoxin production [3].
Primarily, the aggressiveness of Fusarium species and accumulation of mycotoxins is deter-
mined by wheat genetic variation [4]. The presence and incidence of different Fusarium
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species in the crop affect the mycotoxin profile and contamination of the grain [5]. Fusarium
graminearum and F. culmorum are the most dominant and prevalent species causing FHB
worldwide, as well as in Croatia [6], where they can be highly aggressive and can produce
abundant mycotoxins. Several other species like F. poae and F. avenaceum, which are also
frequently found in winter wheat in East Croatia, are less pathogenic [6,7]. However, less
aggressive species are still of great concern since their development with other more ag-
gressive pathogens can also lead to the accumulation of mycotoxins, even if the symptoms
of the disease are not expressed to such an extent [2]. Another factor influencing mycotoxin
content are optimal climatic conditions for disease development, namely temperature and
water availability, which depend on the local and regional environment. Most studies
reported that an environment with frequent rainfall and warm temperatures favours the
disease development and thus the production of mycotoxins [2,8,9]. Previously it was
reported that the influence of climatic conditions on the accumulation of mycotoxins most
probably is an indirect factor, influencing primarily fungal growth [3]. However, disease
development depends on the substrate, Fusarium species present and individual metabolite
since every species of FHB complex have different environmental demands. Moderate
temperatures and lower water availability favour the production of type A trichothecenes
by F. sporotrichioides, while warmer humid conditions induce the production of type B
trichothecenes by F. culmorum and F. graminearum [3]. Other studies also reported that the
wheat grain contamination with mycotoxins was highly correlated with relative humidity
and sum of precipitation in short period around anthesis, namely five day pre-anthesis pe-
riod, while correlation coefficients for post-anthesis periods showed lower significance [10].
Strong correlation between precipitation during the period of anthesis and infection by the
Fusarium fungi occurred in some researches [11]. Generally, mycotoxin production by F.
graminearum and F. culmorum seems to be stimulated by narrower weather conditions than
that for growth [12].

There are different types of resistance to FHB in wheat: type I (resistance to initial
infection), type II (resistance to disease spread), type III (re-sistance to kernel infection),
type IV (tolerance) and type V (resistance to mycotoxins) [13]. Mycotoxins produced by
Fusarium species pose a threat to both, animal and human health [14]. One of the most abun-
dant mycotoxins and therefore most frequently contaminating grains and food products
is deoxynivalenol (DON) [8]. Together with its acetylated forms, 3-acetyldeoxynivalenol
(BADON), 15-acetyldeoxynivalenol (15ADON), deoxynivalenol-3-glucoside (D3G), as well
as nivalenol (NIV), belong to trichothecenes group B. DON is also known as vomitoxin
considering its emetic effect [15]. Watching from the aspect of the cell DON is a potent
inhibitor of protein synthesis and some of the mechanisms occurring in response to high
DON concentrations involve inflammatory processes, diarrhea, lack of appetite as well
as necrosis of certain tissues [14,16]. Nivalenol (NIV) is the mycotoxin mainly produced
by F. graminearum, F. culmorum and F. poae [17]. Although there is still scarce evidence
of its effect on humans [18], some studies have found that NIV interferes with the syn-
thesis of nucleic acids, induces programmed cell death in vitro and causes immuno- and
hematotoxicity in animals. Zearalenone (ZEN) is non-steroidal estrogenic mycotoxin that
may cause hyperestrogenism and infertility and even low concentrations can influence the
hormonal balance in mammals [14,19]. Main Fusarium species known to produce ZEN are
F. graminearum, F. culmorum, F. crookwellense, F. semitectum and F. equiseti [20]. Only a few
mycotoxins are regulated and monitored by European Union (EU), while many of them
are indicated as “emerging” [21]. In addition to these better-known compounds, other
Fusarium metabolites require more investigation. Culmorin (CUL), a metabolite that gains
a lot of scientific attention, is a tricyclic sesquiterpene diol. According to studies, it does
not affect insects or animals [22]. However, recent findings indicated that interactions of
CUL and DON increase phytotoxicity levels, namely by CUL inhibiting glycosylation of
DON into less toxic DON 3-O-glucose [15,22,23]. Another mycotoxin that acquires more
scientific investigation since it is highly mutagenic in in vitro bioassays is fusarin C. It
was first isolated from Fusarium moniliforme [24]. However, the exact role of fusarin C on
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human and animal health has not yet been described [19]. Butenolide (BUT) is a mycotoxin
produced by Fusarium graminearum and other Fusarium species [19]. It is associated with
cattle mycotoxicosis called “fescue foot” which can result in edema and gangrenous loss of
extremities [19]. Some studies have reported its involvement in Kashin-Beck disease and
Keshan disease in China [25]. Despite a fact that aurofusarin is a pigment with antibiotic
effect, it was found that aurofusarin can also induce oxidative stress and cytotoxicity in
human colon cells [26]. Chrysogin so far has no report on its effect on human and animal
health in the scientific literature [5].

Only a small portion of the mycotoxins studied are regulated and for the majority to
date, no regulations exist. Therefore, it is necessary to obtain more data on these mycotoxins.
Considering the findings of harmful mycotoxin effects on human and animal health, the
aim of this study was to estimate the effect of epidemic FHB conditions on mycotoxin levels
in artificially inoculated winter wheat, as well as in naturally infected samples.

2. Materials and Methods
2.1. Plant Material and Field Trials

The study was conducted in vegetative season 2019/2020 at two locations, Osijek
(45°32' N, 18°44’ E) and Tovarnik (45°10’ N, 19°09’ E), Croatia. The soil types in these two
regions are different with eutric cambisol present at Osijek and black soil chernozem at
Tovarnik. During the period of flowering, the average precipitation was 1.7 mm at Osijek
(Supplementary Table S1, Figure S1) and 2.3 mm at Tovarnik (Supplementary Table S2,
Figure S2), and the average temperature was 15.3 °C at Osijek (Supplementary Table S3,
Figure S1) and 15.6 °C at Tovarnik (Supplementary Table 54, Figure S2). The experimental
plot area was 7.56 m?, where treatments (naturally infected and artificially inoculated)
were replicated in two plots. In each treatment, same winter wheat varieties (El Nino,
Galloper, Tika Taka, Vulkan, Kraljica and Golubica) originated from Agricultural institute
Osijek, were used. The seed was treated with Vitavax 200 FF (thiram + carboxin) at a rate
of 200 g Vitavax for 100 kg of seeds in order to control seed-borne diseases. Fungicides
were excluded in both treatments and in the both investigated environments. Weed control
was conducted with a herbicide at wheat tillering (GS 31). Insecticides were sprayed in the
spring of the growing season. Fertilization was in proportions N:P:K 130:100:120 kg ha~!.
The grains were taken by harvesting the whole plot with a Wintersteiger cereal plot
combine-harvester.

2.2. Inoculum Preparation and Inoculation Procedure

The Fusarium species used in this experiment were the two most prevalent causal
agents of Fusarium head blight: Fusarium graminearum (PIO 31), isolated from the win-
ter wheat collected in East Croatia, and F. culmorum (IFA 104) obtained from IFA-Tulln,
Austria. Conidial inoculum of Fusarium spp. were produced by a mixture of wheat and
oat grains (3:1 by volume). Conidial concentrations of both fungi were determined using
a hemocytometer (Biirker-Tiirk, Hecht Assistent) and were set to 10 X 10* mL~!. The
100 mL of inoculum was sprayed with sprayers on an area of m? at the flowering stage.
One treatment was grown according to standard agronomical practice with no usage of
fungicide and without misting treatment, while another treatment was subjected to two
inoculation events using a tractor-back (Osijek) and hand sprayer (Tovarnik) with Fusarium
spp. at the time of flowering (Zadok’s scale 65) [27] (Figure 1a). Misting was provided by
spraying with a tractor back-sprayer on several occasions.
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(a) (b)

Figure 1. Inoculation spraying at Tovarnik (a) and the first visible symptoms of the wheat heads seen as bleaching of the

spikeletes (b).

2.3. Fusarium General Resistance and Type I Resistance

The percentage of bleached spikelets (Figure 1b) per plot and initial infection were
estimated on days 10, 14, 18, 22, and 26 after inoculation according to a linear scale (0-100%).
Based on the percentages, the area under the disease progress curve (AUDPC) for general
resistance and type I FHB resistance of wheat varieties was calculated according to formula:

£ Yi—f—Yi—l] : ) }
AUDPC = — [ *(Xi—Xi—1

where Yi is percentage of visibly infected spikelets (Yi/100) at the ith observation, Xi is day
of the ith observation and # is total number of observations.

2.4. Mycotoxin Analysis

Determination of mycotoxin was performed by LC-MS/MS [28]: 5 g of wheat (previ-
ously ground by IKA M20, IKA, Staufen, Germany) were extracted using 20 mL extraction
solvent (acetonitrile-water-acetic acid, 79:20:1, v/v/v) followed by a 1 + 1 dilution using
acetonitrile-water-acetic acid, (20:79:1, v/v/v) and direct injection of 5 uL diluted extract.
LC-MS/MS screening of target fungal metabolites was performed with a QTrap 5500 LC-
MS/MS System (Applied Biosystems, Foster City, CA, USA) equipped with a Turbolon
Spray electrospray ionization (ESI) source and a 1290 Series HPLC System (Agilent, Wald-
bronn, Germany). Chromatographic separation was performed at 25 °C on a Gemini®
C18-column, 150 x 4.6 mm i.d., 5 pm particle size, equipped with a C18 4 x 3 mm i.d.
security guard cartridge (all from Phenomenex, Torrance, CA, USA).

Confirmation of positive analyte identification was obtained by the acquisition of
two MRMs per analyte (with the exception of moniliformin and 3-nitropropionic acid
that exhibit only one fragment ion), which yielded 4.0 identification points according to
commission decision [29]. In addition, the liquid chromatography retention time and the
intensity ratio of the two MRM transitions agreed with the related values of an authentic
standard within 0.03 min and 30% rel., respectively. Quantification was performed via
external calibration using serial dilutions of a multi-analyte stock solution. Results were
corrected for apparent recoveries obtained for wheat [28] (Supplementary Tables S5-59).
The accuracy of the method is verified on a continuous basis by regular participation in
proficiency testing scheme organized by BIPEA (Gennevilliers, France).
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2.5. Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using an appropriate model
by Statistica version 12.0 (Statsoft Inc., Tulsa, OK, USA). To estimate disease progress, the
AUDPC was used to combine multiple observations from five data points (different dates)
into a single value. For correlation analyses, Spearman’s coefficient was applied, shown in
the supplementary file.

3. Results
3.1. Fusarium General Resistance and Type I Resistance

The FHB symptoms varied among locations, where at Tovarnik there was higher area
under the disease progress curve (AUDPC) for general resistance on average for three
varieties (El Nino, Galloper and Tika Taka), compared to Osijek. The highest Type I and
general resistance at Osijek had Galloper, as well as general resistance at Tovarnik. The
lower AUDPC for initial resistance (higher Type I resistance) had Vulkan and Kraljica at
Tovarnik. The highest AUDPC for Type I resistance was recorded for El Nino (AUDPC 421)
at Tovarnik, followed by Golubica at Osijek (AUDPC 222) (Table 1).

Table 1. Area under the disease progress curve (AUDPC) for general resistance and Type I resistance
(initial infection) to Fusarium head blight (FHB) at locations Osijek and Tovarnik and their standard
deviations (SD).

AUDPC for AUDPC for AUDPC for AUDPC for
Variety General General Typel Type I
Resistance Resistance Resistance Resistance
Osijek + SD Tovarnik + SD Osijek + SD Tovarnik + SD
El Nino 137.3 +10.75 2125 + 142.5 244 + 40 421 £+ 212.5
Galloper 1.3+0 175+9.5 33.1 + 16.63 87.4 4+ 25.85
Tika Taka 42.7 +11.35 69.8 +7.25 2153 +£74.7 137.6 +41.95
Vulkan 35.8 + 6.25 33.8 +5.25 119.9 £ 11.35 50.6 + 4.1
Kraljica 715 £ 235 183 +£1.75 216.5 £+ 80.5 80.1 =104
Golubica 103.8 4+ 22.75 9B +7 2223 +29.2 111.3 £ 8.3

3.2. Mycotoxin Analysis
3.2.1. Deoxynivalenol, Deoxynivalenol-3-glucoside and 3-Acetyldeoxynivalenol

The concentrations of deoxynivalenol (DON), deoxynivalenol-3-glucoside (D3G) and
3ADON were elevated in Fusarium infected samples, compared to naturally infected
samples of all winter wheat varieties tested. DON was one of the most abundant my-
cotoxins produced in artificially inoculated treatment at Osijek and Tovarnik. D3G and
3ADON were also found in all Fusarium infected samples at both locations. The levels
of DON measured in six artificially inoculated samples at Osijek were 5410 ug kg~!
in Galloper, 6370 pg kg_1 in Kraljica, 6740 ug kg_1 in Vulkan, 17,700 pg kg_1 in Tika
Taka, 18,300 ug kg~! in El Nino and 22,800 pug kg~! in Golubica (Figure 2a) and at To-
varnik 13,200 pg kg’1 in Vulkan, 13,400 ug kg’1 in Galloper, 19,800 pg 1<g’l in Kraljica,
21,000 ug kg~ ! in Tika Taka, 21,100 pg kg~ in El Nino and 25,500 pg kg~! in Golubica
(Figure 2b). The highest concentration of DON in naturally infected samples at Tovarnik
was recorded in El Nino variety (620 pg kg’l) and the lowest in Kraljica (19 pg kg’l).
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Figure 2. Concentrations of deoxynivalenol (DON) (a,b), deoxynivalenol-3-glucoside (D3G) (¢,d) and 3-acetylde- oxyni-
valenol (BADON) (e,f) in artificially inoculated and naturally infected samples at Osijek (a,c,e) and Tovarnik (b,d,f). The
asterisk (*) indicates that measured values are below LOD values.

Concentrations of D3G and 3ADON were lower than the concentrations of DON. D3G
ranged from 219 pg kg~! to 770 ug kg !

731 ug kg !

at Osijek (Figure 2c) and from 326 pg kg~! to

at Tovarnik (Figure 2d), while 3BADON at Osijek ranged from 212 pg kg~! to

1150 pug kg ! (Figure 2e) and at Tovarnik from 572 ug kg~ ! to 1720 ug kg~ ! (Figure 2f).
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3.2.2. Nivalenol and Zearalenone

Concentrations of nivalenol (NIV) and zearalenone (ZEN) were lower than the rest
of the Fusarium metabolites studied at both locations. At Osijek, NIV was found only
in artificially inoculated samples of most FHB susceptible varieties (El Nino, Tika Taka
and Golubica) where the levels were 29 ug kg1, 31 ug kg ! and 37 pg kg !, respectively
(Figure 3a). At Tovarnik, NIV was found in all artificially inoculated samples and the
concentrations ranged from 24 pg kg ! in Galloper to 105 ug kg ! in Golubica with an
overall mean of 44 ug kg~! (Figure 3b). In naturally infected samples it was detected only

in Golubica (70 pg kg_l).

a) 40 b) 120
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e ~ 80
20 25 -
= 2
@20 w60
— =
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10 Z
20 I I
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9 - Kraljica - naturally infected
10 - Kraljica - inoculated

11 - Golubica - naturally infected
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Figure 3. Concentrations

of nivalenol (NIV) (a,b) and zearalenone (ZEN) (c,d) in artificially inoculated and naturally

infected samples at Osijek (a,c) and Tovarnik (b,d). The asterisk (*) indicates that measured values are below LOD values.

All artificially inoculated samples at both locations were contaminated with ZEN.
None of the naturally infected samples contained ZEN except the El Nino variety at
Tovarnik and its concentration was 1 ug kg~!. The levels of ZEN measured at artifi-
cially inoculated six varieties at Osijek were 1 ug kg~! in Galloper, 9 ug kg~ in Golubica,
9 ug kg~ ! in El Nino, 12 pg kg~ ! in Vulkan, 16 ug kg~! in Tika Taka and 45 pg kg~ ! in
Kraljica with an average level of 15 pg kg~! (Figure 3c) and at Tovarnik 5 pg kg~! in
Galloper, 11 ug kg~! in Vulkan, 18 ug kg~ in Golubica, 27 ug kg ! in Kraljica, 51 pg kg™
in El Nino and 51 pg kg~ ! in Tika Taka (Figure 3d) with an average level of 27 pg kg~ !.
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3.2.3. Culmorin, 15-Hydroxyculmorin, 15-Hydroxyculmoron and 5-Hydroxyculmorin

El Nino, Tika Taka and Golubica accumulated culmorin (CUL) and its derivatives in
much higher concentrations than other varieties. At Osijek, concentrations of CUL were
elevated in the artificially inoculated compared to naturally infected samples. The highest
amount of CUL was recorded in an artificially inoculated Golubica variety (29,100 ug kg 1).
Other concentrations ranged from 7810 ug kg ! in Kraljica to 13,100 pg kg1 in Vulkan.
In naturally infected samples CUL was found only in Tika Taka variety at concentration
of 220 ug kg~ ! (Figure 4a). At Tovarnik, concentrations of CUL were elevated even in
naturally infected samples. The highest concentration was found in El Nino variety
(1000 pg kg’l) and the lowest was recorded in Tika Taka variety (62 ug kg’l), while
in Kraljica it was not found. In artificially inoculated samples concentrations ranged
from 6100 pg kg ! in Galloper to 14,300 ug kg~ ! in Golubica with an overall mean of
11,400 pg kg~! (Figure 4b).

Concentrations of CUL derivatives were also elevated at both locations in Fusarium
infected samples compared to naturally-infected. In artificially inoculated samples at
Osijek 15-hydroxyculmorin ranged from 8130 pug kg ! to 28,800 ug kg~! (Figure 4c) and at
Tovarnik from 15,600 pg kg~! to 27,000 ug kg ! (Figure 4d). 15-hydroxyculmoron was in
range from 570 pg kg~ ! to 4610 ug kg ! (Figure 4e) and from 1200 pg kg~ t0 2990 ug kg !
(Figure 4f) for Osijek and Tovarnik, respectively. Regarding 5-hydroxyculmorin at Os-
ijek, it ranged from 5100 pg kg~! to 24,400 ug kg~ ! (Figure 4g) and at Tovarnik from
14,000 pg kg~ ! to 30,000 ug kg ! (Figure 4h). No CUL derivatives were found in nat-
urally infected samples at Osijek except for Tika Taka variety which accumulated 15-
hydroxyculmorin at concentration of 89 pg kg=!. At Tovarnik, CUL derivatives were
detected not only in artificially inoculated but also in naturally infected samples, as for
DON and its derivatives. In naturally infected samples the highest concentrations recorded
were 81 pg kg1, 637 ug kg ! and 1230 pg kg~ ! in El Nino variety for 15-hydroxyculmoron,
5-hydroxyculmorin and 15-hydroxyculmorin, respectively.

3.2.4. Aurofusarin, Butenolide, Chrysogin and Fusarin C

For other Fusarium metabolites, namely aurofusarin, butenolide, chrysogin and fusarin
C increases were also recorded in Fusarium infected samples compared to naturally infected
samples at Osijek and Tovarnik. At Osijek, aurofusarin was recorded in the range from
1870 pg kg ! to 12,511 pg kg ! (Figure 5a). At Tovarnik, aurofusarin levels in artificially
inoculated samples were increased, compared to Osijek and the highest concentration was
67,600 ug kg~ ! in El Nino variety. In addition, aurofusarin was detected only in El Nino
even in naturally infected samples (739 ug kg’l) (Figure 5b). Butenolide levels at Osijek
ranged from 167 ug kg*1 to 1120 pg kgf1 (Figure 5c) and at Tovarnik from 188 g kg*1
to 654 ug kg~! (Figure 5d). At Osijek, chrysogin was recorded in range from 346 ug kg ™!
to 1320 pg kg ! (Figure 5e) and at Tovarnik from 528 pg kg~ ! to 1170 pg kg ! (Figure 5f).
The level of fusarin C at Osijek ranged from 665 pg kg~! to 2660 pg kg~! (Figure 5g)
while at Tovarnik it was elevated compared to Osijek and it ranged from 2610 pg kg~!
to 6720 ug kg~! (Figure 5h). Butenolide, chrysogin and fusarin C found in artificially
inoculated samples were in lower concentrations compared to aurofusarin. Regarding
naturally infected samples, only chrysogin was detected in negligible concentrations.
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3.3. ANOVA and Correlation Analysis

Analysis of variance (ANOVA) revealed significant differences in 13 investigated my-
cotoxins among two treatments (p < 0.001, p < 0.01). Non-significant difference was found
between varieties and locations for the most mycotoxins, except for 3-acetyldeoxynivalenol
(BADON), nivalenol (NIV) and fusarin C between locations. Moreover, significant differ-
ences were recorded between varieties for NIV (p < 0.01) (Table 2).

Correlation analysis showed no statistically significant relationship between the
amount of FHB symptoms (Type I and general resistance) and DON contamination al-
though correlation was moderately positive at both locations, Osijek and Tovarnik (r = 0.77,
p < 0.05) (Supplementary Tables S10 and S11). At Osijek, NIV, hydroxyculmorins and
15-hydroxyculmoron occurred concomitantly with DON (r = 0.88, p < 0.05; r = 0.94, p < 0.01;
r=0.88,p <0.05and r = 0.94, p < 0.01, respectively) (Supplementary Table 510), while at
Tovarnik DON was in high positive correlation with enumerated mycotoxins including
3-ADON (r =0.94,p <0.01,r =094, p <0.01;r =0.94, p < 0.01; r =0.94, p < 0.01; r = 0.94,
p <0.01;r=0.94, p < 0.01, respectively) (Supplementary Table S11). There was also high pos-
itive relationship between Type I resistance, general resistance and level of aurofusarin at
Tovarnik (r = 0.83, p < 0.05 and r = 0.89, p < 0.05, respectively) (Supplementary Table S11).
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Table 2. Analysis of variance (ANOVA) for 13 analyzed Fusarium metabolites.
F-Value
Source of Df
Variation DON D3G  3ADON NIV ZEN CUL 15 15-OH > AURO BUT  CHRYS FUSC
OHCUL  Culmoron OHCUL
Location 1 3.43 ns 3.52ns 493 * 8.98 ** 1.46 ns 0.51 ns 1.1ns 0.42 ns 3.68 ns 471 ns 0.17 ns 0.01 ns 9.16 **
Treatment 1 87.93 *** 105.19 *** 54.8 *** 13.3 ** 18.07 *** 63.33 *** 124.29 *** 43.92 *** 84.31 *** 11.25 *** 33.95 *** 98.56 *** 44 .54 ***
Variety 5 2.14 ns 2.03 ns 1.89 ns 4.62 ** 1.26 ns 1.65ns 2.13 ns 1.85ns 2.07 ns 1.12ns 1.97 ns 2.66 ns 1.03 ns

% = significant at p < 0.001, 0.01, and 0.05, respectively; ns = not significant (p > 0.05); Df-Degrees of freedom, DON-deoxynivalenol, D3G-deoxynivalenol-3-glucoside, 3ADON-3-acetyldeoxynivalenol,
NIV-nivalenol, ZEN-zearalenone, CUL-culmorin, 1I50HCUL-15-hydroxyculmorin, 150Hculmoron-15-hydroxyculmoron, SOHCUL-5-hydroxyculmorin, AURO-aurofusarin, BUT-butenolide, CHRYS—chrysogin,
FUS C—fusarin C.
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4. Discussion

The study has focused on the effect of epidemic FHB conditions on the production
of a range of metabolites originated either from the naturally contaminating mycobiota,
or from inoculation by Fusarium graminearum and F. culmorum isolates. Furthermore, this
study extended the investigation beyond the well-known mycotoxins to a range of fungal
secondary metabolites accumulated in wheat grains. According to previous findings,
fungal secondary metabolites commonly found in wheat grains are deoxynivalenol (DON),
a type B trichothecene, and zearalenone (ZEN), while predominant species producing these
mycotoxins in Europe are found to be F. graminearum, F. culmorum and F. avenaceum [30].
Given the fact that F. graminearum widely occurs in Europe, it is also predominantly found in
Croatia [31]. However, many Fusarium metabolites are far less investigated than DON and
ZEN [32] and therefore are not subject to legislation and regular monitoring. Both emerging
mycotoxins and modified forms represent a new issue for food contamination [33].

The mycotoxigenic fungi produce several secondary metabolites at the time [34].
Therefore, this study reports the occurrence of 13 Fusarium metabolites and their concentra-
tions in the wheat grains of six artificially inoculated as well as in naturally infected (field
grown) winter wheat varieties (El Nino, Galloper, Tika Taka, Vulkan, Kraljica and Golubica).
The combined use of resistant wheat varieties, fungicides, and specific management prac-
tices can reduce part of the Fusarium head blight (FHB) losses [35]. Therefore, the impact
of fungicides in the current research was omitted, as well as the influence of management
practice, as field experiments were done according to standard agronomical procedures.
Considering that precipitation levels between two locations at which the experiment was
held differed with Tovarnik having a higher precipitation rate and higher temperatures,
levels of Fusarium metabolites studied were higher at Tovarnik, compared to Osijek. This
is in accordance with previous reports where warm and humid conditions at and shortly
after anthesis favour FHB [36]. Humidity determines the intensity of the disease, while
precipitation determines inoculum levels [37]. In addition, wheat varieties in treatment
with inoculation with Fusarium fungi were evaluated for Type I (initial) and general FHB
resistance in the field conditions prior to harvest by calculating AUDPC.

4.1. Deoxynivalenol, Deoxynivalenol-3-glucoside and 3-Acetyldeoxynivalenol

Taking into account only proved Fusarium mycotoxins and not all metabolites studied,
the current research was in accordance with previous studies which reported that DON
is the most abundant mycotoxin in wheat grains [38,39]. In this study, varieties with
higher initial susceptibility (El Nino, Tika Taka and Golubica) accumulated DON even
in naturally infected samples. The average level of DON in naturally infected winter
wheat plants (control samples) at location Tovarnik did not exceed the legal limit set
by EU (1 250 pug kg~!) for unprocessed cereals [40] while at Osijek in naturally infected
samples it was not found. The same results were previously reported where in randomly
selected wheat samples from natural infection in Croatia, DON levels were below this
threshold [41]. However, in the current research FHB artificially inoculated plants exceeded
maximum levels for DON contamination 10-fold at Osijek and 15-fold at Tovarnik. As DON
significantly correlated with few investigated mycotoxins, it can be concluded that DON
content can be used in the selection for FHB resistance and could potentially participate in
lowering total toxicity.

Deoxynivalenol-3-glucoside (D3G) is one of the main DON metabolites known as
“modified mycotoxin” [42]. After ingestion it can be hydrolysed to DON [43,44]. D3G was
present in Fusarium infected samples at both locations, while in naturally infected plants it
was observed in susceptible varieties El Nino, Tika Taka and Golubica only at Tovarnik.
Concentrations observed in the current research were similar to previous studies reporting
the occurrence of DON and D3G in durum wheat in Italy [45]. Previously it was concluded
that D3G usually comes in lower concentrations, compared to concentrations of DON [46].

3-acetyldeoxynivalenol (3ADON) was observed in Fusarium infected samples at Osijek
as well as at Tovarnik. At Tovarnik it was also found in naturally infected samples in
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susceptible El Nino variety. In some researches, 3ADON was among the most abundant
mycotoxins [47,48], which was not the case in the current research.

Correlations between DON and 3ADON were highly significant at Tovarnik which is
in accordance with the previous research [49] where DON highly correlated with 3ADON
in barley samples. Also, this correlation was expected in the current research as DON-
producing strains with the 3-acetylated precursor are common in Europe [50]. The more
pronounced FHB symptoms the higher correlations between those mycotoxins occurred,
where higher 3BADON production may be associated with elevated DON content. It was
concluded that comparatively higher levels of gene expression may contribute to the higher
levels of DON produced by 3ADON strains in infected grains [51]. Although there was
not any significant correlation between DON and general and Type I resistance, it can be
assumed that high level of DON occurred in varieties with different level of symptoms, as
it was evidenced in previous studies [52] reporting that the occurrence of high humidity
post-anthesis produced late infections, with a high level of DON, but low level of FHB
symptoms.

4.2. Nivalenol and Zearalenone

The obtained results showed that nivalenol (NIV) at Osijek was represented only in
varieties with high initial susceptibility (El Nino, Tika Taka and Golubica) in artificially
inoculated samples. At Tovarnik, it was found in all Fusarium infected plants while in
naturally infected samples it was observed only in susceptible variety Golubica. This is in
accordance with previous studies [53] where NIV was found only in one naturally infected
wheat sample. This was expected for Fusarium infected samples as both F. graminearum
and F. culmorum produce NIV at all tested temperatures between 10 and 30 °C [54]. In
the previous research the highest concentration of NIV in the organic cereal samples was
106 pg kg_1 [55], while the concentration of NIV in the current study was lower in the
Fusarium infected as well as in the naturally infected samples.

Zearalenone (ZEN) concentrations were the lowest of all Fusarium metabolites studied
at both locations and did not exceed risk threshold levels of 100 nug kg~! for unprocessed
cereals other than maize [40] in artificially inoculated nor in naturally infected samples.
Our findings are in accordance with previous studies which showed that concentrations of
ZEN found in wheat mostly do not exceed 50 pug kg~ [32,56]. As expected, at Osijek ZEN
was found only in inoculated samples while at Tovarnik in naturally infected plants it was
observed only in susceptible variety El Nino in negligible concentration. Although there
were not any significant correlations between DON and ZEN, it was previously concluded
that ZEN is often co-produced with DON by Fusarium spp. such as F. graminearum [57].
For example, in another study where large European screening for Fusarium mycotoxins
was obtained, ZEN was found in 32% of approximately 5000 samples of cereal grains and
products tested [58].

4.3. Culmorin, 15-Hydroxyculmorin, 15-Hydroxyculmoron and 5-Hydroxyculmorin

In the novel time, there are numerous evidence for culmorin (CUL) being an “emerging
mycotoxin”. It is confirmed that CUL can inhibit the reaction of glucuronidation and thus
increase the toxicity of DON [15,22]. Wheat samples with higher DON concentration
contained elevated levels of CUL which implies that CUL can have a possible role in
Fusarium virulence. Previously, it was reported about interactions between CUL and
DON and its toxicity in growing pigs [59]. Furthermore, synergism between CUL and
trichothecenes in plants occurred [60]. In Fusarium infected samples varieties with higher
initial susceptibility (El Nino, Tika Taka and Golubica) accumulated CUL in much higher
concentrations than other varieties. In Norway there was a concentration of 100 pg kg~
detected in wheat [61].

Except for CUL, in the analysed samples also occurred 15-hydroxyculmorin, 15-
hydroxyculmoron and 5-hydroxyculmorin. Our study was partially in accordance with
other researches which showed that in samples artificially inoculated with F. culmorum
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15-hydroxyculmorin was the most abundant derivative of CUL and 5-hydroxyculmorin
second abundant [23] as in the current research at Osijek, while at Tovarnik this was
opposite with the most abundant 5-hydroxyculmorin and second 15-hydroxyculmorin.
Moreover, in the above-mentioned study in naturally infected samples, CUL was the major
metabolite, while in the current research in naturally infected samples CUL and its deriva-
tives were found only at Tovarnik where the major metabolite was 15-hydroxyculmorin.
The current study is in accordance with research which reporting that in naturally infected
samples of wheat in Croatia concentration of CUL and 15-hydroxyculmorin is at a similar
range as the concentration of DON thus implying that DON is correlated with CUL and
hydroxyculmorins [62]. In addition to that at Tovarnik, CUL was in a positive significant
correlation with AUDPC for general resistance thus implying that CUL role in Fusarium
virulence is more pronounced in increased FHB pressure.

4.4. Aurofusarin, Butenolide, Chrysogin and Fusarin C

Fusarium metabolites aurofusarin, butenolide, chrysogin and fusarin C observed in
this study are recently discovered and therefore far less investigated than others [39].
Under increased FHB pressure, aurofusarin was observed in all varieties at both, Osijek
and Tovarnik, while in naturally infected samples it was observed only in Tovarnik in
susceptible variety El Nino. In naturally infected samples of wheat aurofusarin was found
in wheat in levels up to 4200 ug kg~! [63]. At Osijek, the average level of aurofusarin
was in accordance with previous study [64], while at Tovarnik it was observed in much
higher concentrations implying that there is a certain connection between the production
of major Fusarium mycotoxins and pigments. There was an even higher concentration of
aurofusarin detected up to 140,000 ug kg~! in Italian samples of durum wheat [65] than
in the current research at Tovarnik. Although previous studies report aurofusarin and
rubrofusarin accompanied by one another [66], in the current research rubrofusarin was
not observed. According to previous studies there is the genetic and biosynthetic origin of
aurofusarin and both DON and ZEN [67].

Determined levels of butenolide and chrysogin were lower than those previously
reported [64]. However, results are in accordance with the research where fusarin C and
chrysogine concentrations were higher in the wheat with F. graminearum treatments in
contrast to the naturally stored wheat [68]. Higher concentration of fusarin C (average level
40,042 mg kg~1), chrysogin (average level 39 mg kg~!) and butenolide (7300 mg kg~')
were obtained in durum wheat in the fields with natural infection [65], while aurofusarin
(average level 76,875 mg kg ~!) was at a similar level as in the present study. Butenolide and
fusarin C were expected to be detected in the current research because both F. graminearum
and F. culmorum have the ability to produce them [17]. Furthermore, current research
revealed high positive correlation between chrysogin and aurofusarin, which was expected,
as chrysogin is also pigment produced by Fusarium sp. [69].

5. Conclusions

This study performed at two different locations indicated that winter wheat samples
with higher deoxynivalenol (DON) concentration contained elevated levels of culmorin
(CUL) and hydroxyculmorins, showing that CUL can have a possible role in Fusarium
virulence, which became more pronounced in elevated infection with Fusarium fungi. Since
DON significantly correlated with few investigated metabolites, it can be assumed that
DON can participate in lowering total toxicity. Furthermore, according to elevated auro-
fusarin levels, it is also assumed that there is a certain connection between the production of
major Fusarium mycotoxins and pigments under increased FHB pressure. As the impact of
some fungal secondary metabolites on food and feed safety, i.e., human and animal health
is still unclear, it is of great importance to investigate their toxicity, as well as consequently
regulate maximal allowed concentration for specific food and feed. Furthermore, possible
synergistic effects between certain metabolites need to be investigated more closely as
they could interact together thus giving total toxicity. An inevitable practical conclusion of
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this manuscript is also information about the genetic resistance of winter wheat varieties
investigated which will be useful for future risk assessment, considering FHB pressure and
consequently mycotoxin production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11112239/s1, Figure S1: Climate diagram for May 2020 at Osijek. Figure S2: Climate
diagram for May 2020 at Tovarnik. Table S1: Daily precipitation (mm) during May, June and July at
Osijek in 2020. Table S2: Daily precipitation (mm) during May, June and July at Tovarnik in 2020.
Table S3: Daily temperatures (°C) during May, June and July at Osijek in 2020. Table S4: Daily
temperatures (°C) during May, June and July at Tovarnik in 2020. Table S5: Apparent recovery values,
LOD values and LOQ values for 13 Fusarium secondary metabolites analyzed. Table S6: Amounts
of Fusarium secondary metabolites in naturally infected samples at Osijek. Table S7: Amounts of
Fusarium secondary metabolites in samples inoculated with Fusarium fungi at Osijek. Table S8:
Amounts of Fusarium secondary metabolites in naturally infected samples at Tovarnik. Table 59:
Amounts of Fusarium secondary metabolites in samples inoculated with Fusarium fungi at Tovarnik.
Table S10: Correlation analysis between metabolite accumulation and the area under the disease
progress curve (AUDPC) for general and Type I (initial) resistance at Osijek. Table S11: Correlation
analysis between metabolite accumulation and the area under the disease progress curve (AUDPC)
for general and Type I (initial) resistance at Tovarnik.
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