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Abstract: Fusarium head blight (FHB) is an important disease of wheat worldwide caused
mainly by Fusarium graminearum (syn. Gibberella zeae). This fungus can be highly
aggressive and can produce several mycotoxins such as deoxynivalenol (DON), a well
known harmful metabolite for humans, animals, and plants. The fungus can survive
overwinter on wheat residues and on the soil, and can usually attack the wheat plant at their
point of flowering, being able to infect the heads and to contaminate the kernels at the
maturity. Contaminated kernels can be sometimes used as seeds for the cultivation of the
following year. Poor knowledge on the ability of the strains of F. graminearum occurring
on wheat seeds to be transmitted to the plant and to contribute to the final DON
contamination of kernels is available. Therefore, this study had the goals of evaluating:
(a) the capability of F. graminearum causing FHB of wheat to be transmitted from the
seeds or soil to the kernels at maturity and the progress of the fungus within the plant at
different growth stages; (b) the levels of DON contamination in both plant tissues and
kernels. The study has been carried out for two years in a climatic chamber. The F.
gramineraum strain selected for the inoculation was followed within the plant by using
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Vegetative Compatibility technique, and quantified by Real-Time PCR. Chemical analyses
of DON were carried out by using immunoaffinity cleanup and HPLC/UV/DAD. The
study showed that F. graminearum originated from seeds or soil can grow systemically in
the plant tissues, with the exception of kernels and heads. There seems to be a barrier that
inhibits the colonization of the heads by the fungus. High levels of DON and F.
graminearum were found in crowns, stems, and straw, whereas low levels of DON and no
detectable levels of F. graminearum were found in both heads and kernels. Finally, in all
parts of the plant (heads, crowns, and stems at milk and vitreous ripening stages, and straw
at vitreous ripening), also the accumulation of significant quantities of DON-3-glucoside
(DON-3QG), a product of DON glycosylation, was detected, with decreasing levels in straw,
crown, stems and kernels. The presence of DON and DON-3G in heads and kernels without
the occurrence of F. graminearum may be explained by their water solubility that could
facilitate their translocation from stem to heads and kernels. The presence of DON-3G at
levels 23 times higher than DON in the heads at milk stage without the occurrence of F.
graminearum may indicate that an active glycosylation of DON also occurs in the head
tissues. Finally, the high levels of DON accumulated in straws are worrisome since they
represent additional sources of mycotoxin for livestock.

Keywords: wheat; Fusarium graminearum; seed transmission; systemic growth;
deoxynivalenol; deoxynivalenol-translocation; deoxynivalenol-3-glucoside

1. Introduction

Fusarium graminearum sensu stricto Schwabe [syn. Gibberella zeae (Schwein.) Petch] is a
worldwide recognized destructive pathogen, agent of Fusarium Head Blight (FHB), one of the most
important fungal diseases associated with wheat, worldwide [1]. The direct damages of the diseases
associated to F. graminearum (yield losses, poor quality of grains, costs for disease management) and
the mycotoxin contamination of the raw grains and processed wheat products are the main concerns
associated to wheat production and consumption [2]. In particular, F. graminearum causes the
accumulation of deoxynivalenol (DON) and its acetylated derivatives [3]. Deoxynivalenol is a very
toxic compound and represents a serious risk for livestock and human health since DON causes skin
irritability, haemorragic syndrome, feed refusal, vomiting, being a strong inhibitor of proteic synthesis [3].
The DON contamination in wheat is regulated by the European Commission with maximum levels fixed
at 1.75 ng/g of dried matter for unprocessed durum wheat and 1.25 pg/g for soft wheat [4]. However, since
DON can also be transformed in the wheat plant in DON-3-glucoside (DON-3G), a less toxic compound
defined also as “masked” DON [5], the possible co-occurrence also of this latter metabolite should be
taken into account, when mycotoxin risk for wheat is evaluated.

The site of primary infection of F. graminearum is thought to be the extruded anthers during wheat
anthesis (flowering). The fungus infects the wheat spikes when the ascospores and macroconidia land
on susceptible wheat heads and enter the plant mostly through natural openings such as stomates. From
the infected floret, the fungus can grow through the rachis and causes severe damage in a short period
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of time under favorable conditions. Kernels that are colonized by the pathogen during late kernel
development may not appear to be affected, but may still be contaminated with DON. Infected kernels
may be used as seeds for a subsequent wheat crop. These infected seeds, if left untreated, may give rise
to blighted seedlings. Moreover, the possibility that F. gramineaum colonization of seeds can be
transmitted to the whole wheat plants has been reported by several authors [6—8]. However, if such
colonization could be also extended to the heads by the strains of F. gramineaum originated from
seeds has controversially been reported. No systemic colonisation of roots, culms, leaves or heads of
plants grown from F. graminearum infected seeds was observed by Boshoff ef al. [6]. On the other
hand, the presence of F. graminearum, monitored in different parts of the wheat plants after
inoculation of the stem base, was detected also in heads and flag-leaf node by Mudge et al. [7]. The
ability of F. graminearum to colonize wheat heads was demonstrated also by Poels et al. [8], that
reported the migration of F. graminearum from the infected seeds to the heads. Finally, the final DON
contamination of heads due to the production of F. graminearum strains originated from seeds or stem
base is poorly documented. Therefore the aims of this work were:

1. to evaluate the possibility of seed transmission of F. graminearum to the whole wheat plants;

2. to evaluate the DON content in the heads due to its production by F. graminearum strains
occurring in seeds;

3. to evaluate the amount of possible DON-3G occurring in planta due to this type of colonization
by F. graminearum.

2. Results and Discussion

2.1. Fusarium and DON Contamination of Kernels Used for the Experiments and DON Production by
Strain ITEM 126

The sample of 200 kernels representing the seeds used for the experiments did not show any Fusarium
contamination after traditional and molecular analyses. No DON was detected in the kernels examined.
The in vitro culture of F. graminearum strain ITEM 126 produced DON.

2.2. Detection of F. graminearum in the Wheat Plants

Data on the detection of F. graminearum in the plant portions at the different growth stages
obtained from colony re-isolation are summarized in Figure 1.

Fusarium graminearum colonies were detected in roots, crowns and stems of wheat plants but
not in heads or kernels. Unfortunately, the blank treatment showed rare contaminations due to
cross contamination in the room chamber; in particular, in 2007, all the portions of one plant (out
of eight plants), and only the root of another plant at the second internode stage resulted
contaminated, while only crown and stem of one plant reported contamination at the milky ripening
stage; in 2009, only the crown of one plant (out of eight) was contaminated at the second internode
stage. The treatment FG (wheat contaminated with F. graminearum) showed increasing levels of
contamination by the time for each portion of plant in both the years (Figure 1): in 2007, the
contamination of roots was 12.5% at shoots of 1-2 cm, 50% at second internode, and 62.5% at milky
ripening; the crown contamination was of 62.5% at both first two stages (shoots of 1-2 cm and second
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internode) and 100% at the third stage; finally, the stems were not contaminated at shoots of 1-2 cm,
while they had a contamination of 25% and 100%, at second internode and milk ripening, respectively;
in 2009, crown contamination by F. graminearum resulted in 50% and 75% at second internode and
milky ripening, respectively; stems were contaminated with 4% at second internode and 21% at milky
ripening. The treatment FG oat was performed only in 2007. In general the level of F. graminearum
contamination at the same plant growth stage, was higher in crowns than in stems . The heads and the
kernels analyzed did not show any contamination by F. graminearum.

Figure 1. Fungal contamination of portions of the wheat plants evaluated by
morphological analysis, shown as percentage of infected plants on the total plants. The
contamination of different treatments (blank; FG = wheat inoculated with F. graminearum;
FG oat = uncontaminated wheat in proximity of oat kernels contaminated with
F. graminearum) was shown at different stages of plant growth. In 2007 samples derived
from eight plants for replicate, while in 2009 samples derived from 24 plants per replicate.
Different letters within each group indicate statistically significant differences between
treatments. Same letters within each group indicate not statistically significant differences
between treatments. (a) 1st year experiment (2007); (b) 2nd year experiment (2009).
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2.3. Qualitative PCR

All PCR data confirmed the morphological analyses and identified the fungal colonies isolated from
the plants as F. graminearum.

2.4. Vegetative Compatibility Group

All the fungal colonies isolated were identified as F. graminearum. The identity as strain ITEM 126
was confirmed by VCG. In particular, we obtained Niz-M mutants that complemented each other from
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ITEM 126. All colonies generated nit mutants that were paired with Nit-M mutants of ITEM 126 and
showed complementation in all pairings.

2.5. Quantitative PCR

The quantitative real-time PCR data are shown in Figure 2. Fusarium graminearum DNA was
detected in roots, crowns and stems, at all the stages analyzed (Figure 2), while heads at the milky
ripening stage and kernels at the vitreous ripening, were free from F. graminearum DNA. During the
2009 year of experiment, the straw analyzed at maturity, reported very high values of fungal DNA
(9.8 ng DNA/mg plant tissue).

Figure 2. Combined data of quantitative PCR and deoxynivalenol (DON) occurrence
evaluated on portions of the wheat plants of different treatments (blank; FG = wheat
inoculated with F. graminearum; FG oat = uncontaminated wheat in proximity of oat
kernels contaminated with F. graminearum), at different stages of plant growth. Data on
DON are reported in total amount of mycotoxin in the sample analyzed. In 2007 samples
derived from 8 plants for replicate, while in 2009 samples derived from 24 plants per
replicate. (a) 1st year experiment (2007); (b) 2nd year experiment (2009).
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2.6. Chemical Analysis of DON and DON-3G

The results of analysis of DON content in plant materials, summarized in Table 1 (for the 2007 year
of experiment) and Table 2 (for 2009), showed that heads and kernels were contaminated by DON at
low level for all the treatments, except the controls that did not contain detectable levels of DON
(treatment 1). Moreover the analyses of crowns and stems combined gave interesting results showing a
high level of DON production in planta. The data showed that the production of DON in wheat plants
started from the first stage of development (shoots of 1-2 cm). At the subsequent stages the level of
DON increases (Tables 1 and 2). Relevant is the occurrence of DON also in the upper portions of the
wheat plants (heads, kernels and straw), with very high levels detected only in the straw (23.8 ug/g).
The occurrence of the “masked DON” (DON-3QG) at relevant levels, if compared to DON levels was
detected at milky and vitreous ripening in crowns, stems and straw in 2009 (Table 2). The ratio
DON-3G/DON was 0.3 in crown, 0.5 in stem and 0.7 in straw which may indicate an active role of the
plant tissues in the glycosylation of DON following its production by F. graminearum. A very high
value of DON-3G/DON ratio (23) was found in the head at milk ripening probably because most of
DON translocated from the stem to the head is actively glycosylated by the plant and the absence of
F. graminearum does not replace the glycosylated DON. Probably at the same time low amounts of
both DON-3G and DON are passively translocated to the kernels where the DON-3G/DON ratio was
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found to be 1.2. Statistical analyses of DON-3G and DON was performed for straw and kernels
collected at vitreous ripening in 2009. Mean level of DON was significantly higher than DON-3G in
straw, whereas no statistically significant difference was observed for kernels (Table 2). No statistical
analyses were performed for the other data, because the replicates were pooled in order to reach the
minimum amount of plant material necessary for chemical analyses.

Table 1. Deoxynivalenol (DON) contamination, expressed in pg/g, in the first year of experiment (2007).

Stage of growth Part of plant Blank FG FG oat
Shoots of 1-2 cm Crown + Stem Nd 0.3 0.2
second internode Crown + Stem 2.3 2.0 0.8
Milky ripening Crown + Stem 0.2 14.6 27.0
Heads Nd 0.9 0.3
Vitreous ripening Kernels Nd 0.1 0.2

Notes: FG = wheat contaminated by F. graminearum; FG oat = wheat in proximity of oat kernels
contaminated by F. graminearum; Nd = not detected (LOD = 0.02 pg/g for kernels, 0.05 ng/g for other
plant materials).

Table 2. Deoxynivalenol (DON) and deoxynivalenol 3-glucoside (DON-3G) contamination,
expressed in pg/g, in the second year of experiment (2009).

Blank F. graminearum
Stage of growth Part of plant
DON DON-3G DON DON-3G
second internode Crown Nd - 21.6 -
Stem Nd - 4.6 -
Milky ripening Crown Nd - 87.5 27.3
Stem Nd - 10.3 5.5
Heads Nd - 0.1 2.3
Vitreous ripening Straw Nd - 23.8° 16.8°
Kernels Nd - 0.1° 0.1°%
Notes: Nd = not detected (LOD = 0.02 pg/g for kernels, 0.05 ng/g for other plant materials); - = not

analyzed; Different letters in the row indicate statistically significant difference (P < 0.05) between DON and
DON-3G; same letters in the row indicate no statistically significant difference (P > 0.05) between DON and
DON-3G.

2.7. Relationship between Fungal and DON Contamination

The comparison of data derived from molecular detection of fungal occurrence by quantitative PCR
and data of DON content by chemical analysis, are shown in Figure 2. The high values of correlation
indexes, (R* = 0.720 in 2007 and R* = 0.986 in 2009) demonstrate a high correspondence between
DON and fungal DNA (Figure 3). Heads and kernels, in which DON was detected in despite of fungal
presence, were not considered in the calculation of these correlation indexes.
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Figure 3. Correlation between F. graminearum quantity in plant material (detected by
quantitative PCR) and DON content (detected by chemical analysis). The correlation
coefficient is also shown for each graph. (a) First year of experiment (2007); (b) second

year of experiment (2009).
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2.8. Discussion

The present study investigated the ability of a strain of F. graminearum to be transmitted from the
seeds to the whole wheat plant, to colonize the wheat tissues and to produce DON in planta. Our
findings demonstrated that the colonization of wheat crowns and stems through seeds inoculated with
F. graminearum ITEM 126 conidial suspension occurred, but that the contamination could not be
spread to the wheat heads and kernels. We used the highly sensitive molecular technique of
quantitative real-time PCR to quantify possible small amounts of fungus not detected by traditional
microscopical detection. Our results with molecular tools confirmed the microscopical results and
exclude the presence of F. graminearum in the upper parts of wheat plants. Fusarium graminearum
transmission from seeds to plants was previously reported in winter wheat by Duthie and Hall [9], who
limited their study to the stems without analyzing the heads. On the other hand, studies investigating in
wheat the F. culmorum or F. graminearum colonization process, from artificially inoculated
seeds/crowns up to the heads, showed conflicting results [6-8,10,11]. Clement and Parry [10]
demonstrated the presence of F. culmorum hyphae in the vascular system in part of wheat plants far
from the point of inoculation. On the contrary, no evidence of hyphae of F. graminearum in the
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vascular cells was reported by Mudge et al. [7], suggesting a fungal growth at the interface of
parenchyma with the lumen of the culm. Moreover, they reported the colonization of wheat heads and
flag leaf nodes by F. graminearum after inoculation of the stem base of young seedlings. However, the
possibility that insects (e.g., aphids) and/or mites can act as vectors of Fusarium spores from the stem
base to the heads, must be considered [2]. The ability of F. graminearum to colonize wheat heads was
demonstrated also by Poels et al. [8] that reported the migration of F. graminearum from the infected
seeds to the heads. In accordance with Mudge et al. [7], Covarelli et al. [11] demonstrated that F.
culmorum colonizes plant tissues by both intra- and intercellular growth, to explain the systemic
growth through the stem. However, the colonization of heads by F. culmorum occurred only up to the
third internode, being the last internode and heads free from any fungal colony. Similarly, in our study,
F. graminearum colonies were not detected in the upper parts of the wheat plants: neither heads, nor
kernels. A sort of barrier at head level seems to have been established by the wheat plants. However, if
fungal aggressiveness of the selected strain, environmental conditions used in the experiments, and
specific strain/variety combination are aspects that, alone or all together, could influence the plant
ability to inhibit the head colonization, should be elucidated. To this respect, Beccari et al. [12] and
Covarelli et al. [11] reported that F. culmorum caused symptoms of diseases in the whole plant in
advance of the fungal colonization, suggesting a role of DON in inducing a host response far from the
colonization points. On the contrary, Mudge et al. [7] reported that the occurrence of F. graminearum
in the plants determined a suppression of the plant responses to the fungal invasion, with consequent
absence of the FHB symptoms and allowing the final contamination of heads by the pathogen. Thus,
further investigations are required to evaluate the mechanisms that allow the wheat plants to be free
from the F. graminearum colonization of the heads originated from the seeds.

Several reports have shown the accumulation of DON in asymptomatic kernels caused by
F. graminearum artificial inoculation of the heads at heading or anthesis [13,14]. However, this
contamination has been always associated to the occurrence of fungal mycelium in the same heads. On
the other hand, DON has been reported as commonly occurring in the wheat heads even when these
are free from the colonization of F. graminearum or F. culmorum that were inoculated in the seeds or
crowns [11,13,15]. This can be explained by the ability of DON to be water soluble [16] and to
translocate through the stem tissues into the vascular system. Evidence for DON systemic translocation
was confirmed by the occurrence of DON in xylem vessels and phloem sieve tubes [15]. In our work,
the inoculation of wheat seeds by F. gramineraum led to the accumulation of DON in high amounts in
the stems along all analyzed stages of plant growth. In the heads, little amount of DON was
accumulated in milky stage, in absence of the fungus colonization, and this could be explained by
DON translocation from the stems, where we detected it at high amounts. The high level of DON
accumulation in the stems is worrisome not only for the possibility to be translocated in the heads, but
also since DON, that is an inhibitor of protein synthesis, is accumulated in the plant tissues from the
early stages of growth, affecting some of the physiological functions of the plants and reducing also its
fitness and productivity. Moreover, Mudge et al. [7] hypothesized a role of DON in F. graminearum
progression through the plant stem, although they considered it not essential for the infection. The high
levels of DON-3G that we detected in the stems at two stages of the wheat plants (milky and vitreous
ripening of heads) show a robust plant response to DON, confirming that DON plays an active role in
the plant/F. graminearum interaction. The importance of DON in the F. graminearum colonization of
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wheat plant was also confirmed by Jansen et al. [17], that established that DON was not essential for
initial fungal infection but it was required to suppress the production of host defense responses, such as
the cell wall thickenings at the rachis node, during the colonization process. We detected in the heads,
at both milky and vitreous ripening stages, higher amounts of DON-3G than DON, showing that the
DON glycosylation activity of the wheat plants was very strong. Moreover, also dramatic higher levels
of DON (and consequently of DON-3G) were detected in the straw respect to heads, confirming the
data of Ludewig et al. [18], who reported lower content of DON in the kernels than rachis and/or
straw. The authors speculated that this difference could be a consequence of a partial protection of
kernels, due to their position in the heads, against a passive transfer of DON through the xylem by a
reduced transpiration of kernel tissues compared to rachis and straw [18]. Moreover, Winter ef al. [19]
supposed the existence of a barrier zone at the interface between grain and rachilla, named “xylem
discontinuity”, to explain the interruption of vascular transport of DON produced by F. culmorum to
the kernels in wheat plants. This could explain the reduced DON amount in kernels compared rachis
and peduncle, with a decreasing gradient of DON contamination from rachis, to straw and, finally,
kernels [11,18,20,21]. To this respect, Ilgen et al. [22], and Gardiner et al. [23] reported that rachis
tissues could be the site of DON-inducing synthesis factors, during the wheat heads infection by
F. graminearum. However, in our work, although the analysis of the DON distribution in different part
of the heads was not our goal, we could determine that DON occurrence was higher in straw compared
the negligible amounts in the kernels, even in the absence of F. graminearum infection. If the heavy stem
F. graminearum infection that we recorded just below the rachis, could play a role in stimulating the
rachis inducing factors for DON synthesis, could be an interesting further investigation to carry out.

Wheat plants have been shown able to partially detoxify DON by a glycosylation process that
transforms it in DON-3G [24-26]. We clearly showed that in both milky and vitreous kernel ripening
stages, this role is actively played in different sites of the plants since the occurrence and levels of
DON-3G and DON measured in stems, straw and kernels were comparable. Interestingly, we found much
higher levels of DON-3G in heads as compared to DON at milk ripening with a ratio DON-3G/DON
of 23. This result could be explained by the absence of F. graminearum in the head therefore most of
the DON translocated from the stem is actively glycosylated in the head tissues. On the other hand, in
wheat infected by F. culmorum, DON detoxification was supposed to occur mainly in the stem basis [19].
However, the very high DON-3G/DON ratio in heads as well as a ratio of 0.7 and 1.0 in straw and
kernels, respectively, confirms that an active level of DON detoxification in the heads occurs.

There is evidence that at flowering the wheat plants are more susceptible for the FHB attack and
that this is the pathway for the F. graminearum contamination of heads and consequent final
accumulation of DON in wheat grains. However, this is a result of several factors: genetic variability
of Fusarium populations in the field, host response, environmental conditions and agronomic
management, such as fungicide treatments at flowering, crop rotation, tillage, timing of harvest [1].
From our experiments, the infection of seeds by F. graminearum can participate to the final DON
contamination of kernels at a very limited level. However, the ability of the fungus to be transmitted to
the whole plant and to produce severe amounts of DON in sifu affecting its fitness and productivity,
requires a control of F. graminearum contamination at seeding. Therefore the control of the final DON
amount in wheat kernels has not to be addressed toward a single factor influencing the FHB but
requires a combined strategy including seed treatment.
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Finally the occurrence of DON-3G in the wheat kernels at the same levels of DON at maturity is a
further reason of concern, since this metabolite can be hydrolyzed by humans once ingested, releasing
DON [27]. Therefore, the total amount of DON and DON-3G should be considered in the evaluation
of the risk derived from F. graminearum infection of wheat.

3. Experimental Section

This two year study, was carried out in a climatic chamber (phytotrone) with controlled conditions
of temperature, and moisture. In the second year of experiments some modifications were made to
improve the experiment design according to the results obtained in the first year.

3.1. Plant Material

The winter durum wheat cultivar Duilio, susceptible to the FHB and commercially important, was used
for the experiments. An amount of 200 kernels from the sample selected for the seeding, was analyzed, in
order to utilize seed kernels free from possible Fusarium contamination. The same sub-sample was
analyzed for DON content by using HPLC (see below, chemical analysis).

In the whole experiment the plant material was analyzed at four different plant growth stages in the
first year: (a) shoot of 1-2 cm; (b) second internode growth stage; (c) milky ripening of the kernels;
(d) vitreous ripening of the kernels. The same growth stages, except shoot of 1-2 cm, were analyzed in
the second year.

3.2. Experimental Trial for Fungal Inoculation

Fusarium gramineraum strain ITEM 126, obtained from the fungal collection of the Institute of
Science of Food Production (ISPA) of the National Research Council (ITEM Collection [28]), was
selected for the inoculation. The strain was tested for its capability to produce DON according with
Quarta et al. [29]. The strain was grown on wheat kernels previously sterilized and placed at the dark
and 25 °C for 3 weeks.

In the 2007 experiment, two different techniques of artificial inoculation have been used: (a) direct
spore suspension of F. graminearum strain on the kernels to be used as seeds; (b) contaminated oat
kernels by the same strain of F. graminearum placed at the proximity of the seeds of wheat (Figure 4).
Only the first kind of inoculation was used in the second year of experiment.

For each experiment, three treatments were analyzed in the first year: uncontaminated wheat
(blank), wheat contaminated by F. graminearum (FG) and uncontaminated wheat in proximity of oat
kernels contaminated by F. graminearum (FG oat). Only the blank and the FG treatments were
analyzed in the second year of experiments. The spore suspension of ITEM 126, grown for one week
on Salt Nutrient Agar (SNA) [30], was prepared with a concentration of 1 x 10° conidia in sterile
water. For the first kind of inoculation, the wheat seed kernels have been submerged in the conidial
suspension and then dried under warm air. For the second kind of inoculation, through indirect
contamination, oat kernels previously sterilized were inoculated by ITEM 126, grown for one week on
SNA, and then placed at the dark at 25 °C for three weeks; aliquots of contaminated oat kernels were
placed at the proximity of the wheat seeds in the pots (Figure 4).
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Figure 4. Oat kernels contaminated by F. graminearum and placed at the proximity of the
seeds of wheat in the first year of experiment. The red circles indicate the wheat seeds.

Seeds used for the blank treatment were suspended in sterile water and then dried under warm air.
All the seeds were placed in pots containing a mixed medium (50:50 w/w) of soil (peat) and
vermiculite free of Fusarium contamination as previously assessed. The pots were squared: 18 cm
high, with a diameter of 52 cm at upper base and 42 cm at the lower base. After the seeding, the pots
were placed in a climatic chamber (Figure 5) with controlled environmental conditions. Five seeds
were placed for each pot and thinned out to two plants for each pot. The blank treatment had four
replicates to be used for each plant growth stage to be analyzed. Each replicate had four pots to be
considered as independent replicates; therefore, it was constituted by a total of eight plants that were all
used for each analysis. The other two treatments had four replicates too in the first year of experiment,
which was increased to 12 replicates (24 plants) in the second year. In order to reduce risks of cross
contamination, the different treatments were accurately separated in the phytotrone.

Figure 5. Pots in the climatic chamber at the emergence.

3.3. Growth Chamber

We used as substrate for the germination/first development Compo Terraplant 2 (sphagnum
enriched with fertilizers + 30% of sand) that has a sufficient amount of elements to ensure a good
nutrition for the development of the plant; after jointing stage, we integrate with some UREA and
ammonium nitrate to complete the cycle. A single irrigation was provided every morning for ensuring
that the substrate was wet, but not saturated. The regulation of light, temperature, and humidity was
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performed as follows: the temperature was kept at 10—12 °C, and no light till emergence; from the
emergence the temperature was at 4 °C, with 16 light hours/8 night, for a period from 1 to 5 weeks
until vernalization was completed. After the vernalization, we maintained 16 light hours/8 night with
growing temperature that gradually arrived at 25 °C and were kept until the end of the experiments.
For all the cycle we set the growth chamber at 60%—70% humidity with ventilation.

3.4. Mycological Investigation by Microscopical and Molecular Analyses

Each plant produced two stems that were separated for the colony isolation from one stem and the
molecular investigations on the second stem. Each analysis was destructive of all plants for each
treatment (8 plants in 2007 and 24 plants in 2009).

Isolation of fungal colonies. In the first year, the whole plants were analyzed by cutting them in
three parts: root, crown and stem, until the plants were at the second internode stage; at milky ripening
also the heads were separately analyzed. Finally, at the vitreous ripening only the kernels were not
analyzed. In the second year of experiment, root were no more analyzed, while at vitreous ripening
also the straw was considered. The plant material was always superficially sterilized by using a 2%
sodium hypochlorite solution, twice rinsed in sterile water and placed on a pentacholoronitrobenzene
(PCNB) medium, semi-selective for Fusarium spp. Single-spore fungal cultures were obtained from
the growing colonies re-isolated from the plants and identified morphologically as F. graminearum.

Vegetative Compatibility Group. Each fungal colony isolated from the plants was scored for its
Vegetative Compatibility Group (VCG), according to Leslie and Summerell [29] protocol, and
compared against strain ITEM 126 (previously already analyzed for VCG), in order to confirm the
identity of the strain used for the experiments. Mutants of F. graminearum ITEM 126 which were
unable to use nitrate as a nitrogen source (nit) were obtained in MM + NaNO; (0.2%) + KCI1O; (3.0%).
Mycelium plugs (5 mm) for each nit mutant were paired in Petri dishes containing MM + NaNOs for
vegetative complementation tests. Plates were incubated at 24 + 2 °C during 7 to 21 days and then
analyzed for heterokaryon formation.

DNA extraction. The plant material of the whole 8 or 24 part of plant (roots, crowns, stems, and heads)
of each treatment were combined in each PCR analysis. Total DNA was extracted from freeze-dried
ground plant material using “Genomic DNA from Plant-NucleoMag” DNA extraction kit (Macherey
Nagel, Germany) according to the manufacturer’s instructions, but using a modification after lysing
step: volume 250 puL of lysate was purified after addition of known amount of an exogenous
amplifiable DNA (Internal Positive Control, Applied Biosystems, Foster City, USA), to evaluate the
yield of the DNA extraction method and to normalize results.

Qualitative PCR. Specific primers for F. graminearum and PCR protocol by Nicholson et al. [31]
were used for qualitative PCR.

TagMan assays. The quantification of ITEM 126 DNA in plant material was performed by real-time
PCR. The primers and probe were derived after DNA sequencing of the about 400 bp fragment
specific for F. graminearum [30] amplified in the strain ITEM 126. We designed the forward
primer qGr2F (5’-CAGGTGGAAACAGATGACAAGATT-3") and the TagMan probe qGrprobe
(5’-AGGCACATATAACTGCACTT-3’), able to amplify a unique 72 bp fragment in combination
with the reverse primer Fgl6R [31]. F. graminearum quantitative real-time assay was carried out by
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using an ABI PRISM 7000 system (Applied Biosystems). The PCR reaction mixture composition was:
1x TagMan Master Mix (Applied Biosystems), 300 nM qGr2F and Fgl6R primers, 1 pL (out of 100 pL)
of total DNA as template, 200 nM 6-FAM-labeled qGrprobe, 1x Exogenous IPC Mix (containing
optimized primers and VIC-labeled probe), and deionized water to a final volume of 25 pL. The
temperature profiles in the ABI PRISM 7000 system were as follows: 2 min at 50 °C for
uracil-Nglycosidase (UNG) enzyme activity, 10 min 95 °C to denature the UNG enzyme and to
activate the polymerase, 40 cycles at 95 °C for 15 s and 60 °C for 1min. TagMan reactions were
performed in triplicates for the 2 sub-samples of each plant sample in MicroAmp 96-well plates. In
each real-time PCR experiment, a serial dilution of F. graminearum DNA (ITEM 126) (ranging from 6 ng
to 6 x 10~ ng) and Exogenous IPC DNA (ranging from 4x to 0.5%) were included as standards.

Chemical analysis of DON and DON-3G. Chemical analysis of DON was carried out on crowns
and stems of the shoot of 1-2 cm, second inter-node and milky ripening growth stages, heads only for
the milky ripening growth stage, and kernels only at the vitreous ripening. All samples collected in
2009 were also analyzed for DON-3G but the second inter-node samples. The stems and crowns of the
total plants of each replicate were combined at each stage since the amount of plant material available
for the chemical extraction was too low if analyzed separately. Samples of straw and kernels collected
at vitreous ripening in 2009, were analyzed for DON and DON-3G in triplicates due to the higher
number of plants cultivated (24 instead of 8 plants). The analyses were performed by HPLC/UV/DAD
with a previous purification of crude extract on immuno-affinity column following the method of
MacDonald et al. [32] that was developed and collaboratively validated for the determination of DON
in cereals and derived products. The method was applicable to the samples analyzed in this study for the
determination of DON and DON-3G. The use of DONPREP® immuno-affinity column (R-Biopharm,
Darmstadt, Germany) permitted the determination of both DON and DON-3G due to its cross
reactivity for the two toxins. Precision and accuracy experiments for DON and DON-3G determination in
wheat plant materials gave mean recoveries of 80%—85% and mean repeatability of results of 7%—10%.
The detection limits were of 0.05 pg/g for crowns, stems and heads and 0.02 pg/g for the kernels.

3.5. Statistical Analyses

Statistical analyses were performed by using the GraphPad Instat software (Instat, San Diego, CA,
USA). Data were subjected to the paired t test (one tailed P value). Values were judged to be
significantly different if P values were <0.05.

4. Conclusions

In conclusion, from the data of our experiments, we can conclude that:

- Fusarium graminearum can grown systemically in the plant tissues from the seeds. However,
there is a barrier at the head level for the fungus that gets the heads free from the fungus;

- the level of contamination in planta of both F. graminearum and DON has been shown
extremely high;

- low levels of DON and DON-3G, equivalent to 0.2% of total DON produced by F.
graminearum in the plant, were found in the kernels that resulted free of F. graminearum;
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- DON and DON-3G can be moved from lower parts of the plants to the heads probably due to
their water solubility;

- DON is largely glycosylated to DON-3G by the whole wheat plant at different growth stages,
leading to a high DON-3G accumulation in different parts of plants;

- a good correlation index between the DNA of F. graminearum detected in the samples by
quantitative PCR and DON content has been obtained;

- the high level of DON occurring in the straw, detected in this study, is extremely worrisome
since straw is used for bedding and this is consumed by livestock and therefore is an additional
source of mycotoxin.

Acknowledgments

This work has been supported by Syngenta Crop Protection Joint-Stock Company, Basel, Switzerland.
We are grateful to Vincenzo Ricci and Angela Pastoressa for their valuable technical assistance.

Authors Contributions

Antonio Moretti coordinated the whole study and written the paper; Giuseppe Panzarini performed
the chemical analyses; Stefania Somma performed both microscopial and molecular analyses;
Claudio Campagna co-coordinated the whole study; Stefano Ravaglia coordinated the growth chamber
work; Antonio F. Logrieco coordinated the microscopial analyses; Michele Solfrizzo coordinated the
chemical analyses and has widely participated to writing the manuscript.

Conflicts of interest
The authors declare no conflict of interest.
References

1. Bottalico, A.; Perrone, G. Toxigenic Fusarium species and mycotoxins associated with head
blight in small-grain cereals in Europe. Eur. J. Plant Pathol. 2002, 108, 611-624.

2. Xu, X.-M.; Nicholson, P. Community ecology of fungal pathogens causing wheat head blight.
Annu. Rev. Phytopathol. 2009, 47, 83—103.

3. Desjardins, A.E. Fusarium Mycotoxins: Chemistry, Genetics and Biology; American
Phytopathological Society Press: St. Paul, MN, USA, 2006.

4.  European Commission. Commission Regulation EC No. 1126/2007 of 28 September 2007 amending
Regulation EC No. 1881/2006 setting maximum levels for certain contaminants in foodstuffs as
regards Fusarium toxins in maize and maize products. Off. J. Eur. Union 2007, 255, 14-17.

5. Berthiller, F.; Dall’Asta, C.; Corradini, R.; Marchelli, R.; Sulyok, M.; Krska, R.; Adam, G.;
Schuhmacher, R. Occurrence of deoxynivalenol and its 3-beta-D-glucoside in wheat and maize.
Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2009, 26, 507-511.

6. Boshoff, W.H.P.; Pretorius, Z.A.; Swart, W.J. Fusarium species in wheat grown from head blight
infected seed. S. Afr. Tydskr. Plant Grond 1998, 15, 46—47.



Toxins 2014, 6 1323

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mudge, A.M.; Dill-Macky, R.; Dong, Y.; Gardiner, D.M.; White, R.G.; Manners, J.M. A role for
the mycotoxin deoxynivalenol in stem colonisation during crown rot disease of wheat caused by
Fusarium graminearum and Fusarium pseudograminearum. Physiol. Mol. Plant Pathol. 2006,
69, 73-85.

Poels, P.; Sztor, E.; Cannaert, F. Fusariose elle peut migrer de la semence a 1’épi. Phytoma 2006,
593,9-12.

Duthie, J.A.; Hall, R. Transmission of Fusarium graminearum from seed to stems of winter
wheat. Plant Pathol. 1987, 36, 33-37.

Clement, J.A.; Parry, D.W. Stem-base disease and fungal colonisation of winter wheat grown in
compost inoculated with Fusarium culmorum, F. graminearum and Microdochium nivale. Eur. J.
Plant Pathol. 1998, 104, 323-330.

Covarelli, L.; Beccari, G.; Steed, A.; Nicholson, P. Colonization of soft wheat following infection
of the stem base by Fusarium culmorum and translocation of deoxynivalenol to the head. Plant
Pathol. 2012, 61, 1121-1129.

Beccari, G.; Covarelli, L.; Nicholson, P. Infection processes and soft wheat response to root rot
and crown rot caused by Fusarium culmorum. Plant Pathol. 2011, 60, 671-684.

Hallen-Adams, H.E.; Wenner, N.; Kuldau, G.A.; Trail, F. Deoxynivalenol biosynthesis-related
gene expression during wheat kernel colonization by Fusarium graminearum. Phytopathology
2011, /01, 1091-1096.

Yoshida, M.; Nakajima, T. Deoxynivalenol and nivalenol accumulation in wheat infected with
Fusarium graminearum during grain development. Phytopathology 2010, 100, 763—773.

Kang, Z.; Buchenauer, H. Studies on the infection process of Fusarium culmorum in wheat
spikes: Degradation of host cell wall components and localization of trichothecene toxins in
infected tissue. Eur. J. Plant Pathol. 2002, 108, 653—660.

Snijders, C.H.A.; Kretching, C.F. Inhibition of deoxynivalenol translocation and fungal
colonization in Fusarium head blight resistant wheat. Can. J. Bot. 1992, 70, 1570-1576.

Jansen, C.; von Wettstein, D.; Schifer, W.; Kogel, K.H.; Felk, A.; Maier, F.J. Infection patterns in
barley and wheat spikes inoculated with wild-type and trichodiene synthase gene disrupted
Fusarium graminearum. Proc. Natl. Acad. Sci. USA 2005, 102, 16892—16897.

Ludewig, A.; Kabsch, U.; Verreet, J.A. Comparative deoxynivalenol accumulation and aggressiveness
of isolates of Fusarium graminearum on wheat and the influence on yield as affected by fungal
1solate and wheat cultivar. J. Plant Dis. Prot. 2005, 112, 329-342.

Winter, M.; Koopmann, B.; Doll, K.; Karlovsky, P.; Kropf, U.; Schluter, K.; von Tiedemann, A.
Mechanisms regulationg grain contamination with trichothecenes translocated from the stem base of
wheat (Triticum aestivum) infected with Fusarium culmorum. Phytopathology 2013, 103, 682—689.
Savard, M.E.; Sinha, R.C.; Seaman, W.L.; Fedak, G. Sequential distribution of the mycotoxin
deoxynivalenol in wheat spikes after inoculation with Fusarium graminearum. Can. J. Plant
Pathol. 2000, 22, 280-285.

Cowger, C.; Arellano, C. Fusarium graminearum infection and deoxynivalenol concentrations
during development of wheat spikes. Phytopathology 2013, 103, 460—471.



Toxins 2014, 6 1324

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ilgen, P.; Hadeler, B.; Maier, F.J.; Schafer, W. Developing kernel and rachis node induce the
trichothecene pathway of Fusarium graminearum during wheat head infection. Mol. Plant
Microbe Interact. 2009, 22, 899-908.

Gardiner, D.M.; Kazan, K.; Praud, S.; Torney, F.J.; Rusu, A.; Manners, J.M. Early activation of
wheat polyamine biosynthesis during Fusarium head blight implicates putrescine as an inducer of
trichothecene mycotoxin production. BMC Plant Biol. 2010, 10, doi:10.1186/1471-2229-10-289.
Poppenberger, B.; Berthiller, F.; Lucyshyn, D.; Sieberer, T.; Schuhmacher, R.; Krska, R.;
Kuchler, K.; Glossl, J.; Luschnig, C.; Adam, G. Detoxification of the Fusarium mycotoxin
deoxynivalenol by a UDP-glycosyl transferase from Arabidopsis thaliana. J. Biol. Chem. 2003,
278, 47905-47914.

Berthiller, F.; Dall’Asta, C.; Schuhmacher, R.; Lemmens, M.; Adam, G.; Krska, R. Masked
mycotoxins determination of deoxynivalenol glucoside in artificially and naturally contaminated
wheat by liquid chromatography-tandem mass spectrometry. J. Agric. Food Chem. 2005, 53,
3421-3425.

Berthiller, F.; Schuhmacher, R.; Adam, G.; Krska, R. Formation, determination, and significance
of masked and other conjugated mycotoxins. Anal. Bional. Chem. 2009, 395, 1243—1252.

Gratz, S.W.; Duncan, G.; Richardson, A.J. The human fecal microbiota metabolizes deoxynivalenol
and deoxynivalenol-3-glucoside and may be responsible for urinary deepoxy-deoxynivalenol. App!.
Environ. Microbiol. 2013, 79, 1821-1825.

ITEM Collection Homepage. Available online: http://www.ispa.cnr.it/Collection/ (accessed on
04 April 2014).

Quarta, A.; Mita, G.; Haidukowski, M.; Logrieco, A.; Mule, G.; Visconti, A. Multiplex PCR
assay for the identification of nivalenol, 3- and 15-acetyl-deoxynivalenol chemotypes in
Fusarium. FEMS Microbiol. Lett. 2006, 259, 7-13.

Leslie, J.F.; Summerell, B.A. The Fusarium Laboratory Manual, Blackwell Publishing: Ames,
IA, USA, 2006; p. 388.

Nicholson, P.; Simpson, D.R.; Weston, G.; Rezanoor, H.N.; Lees, A.K.; Parry, D.W.; Joyce, D.
Detection and quantification of Fusarium culmorum and Fusarium graminearum in cereals using
PCR assays. Physiol. Molec. Plant Pathol. 1998, 53, 17-37.

MacDonald, S.J.; Chan, D.; Brereton, P.; Damant, A.; Wood, R. Determination of deoxynivalenol
in cereals and cereal products by immunoaffinity column cleanup with liquid chromatography:
Interlaboratory study. J. AOAC Int. 2005, 88, 1197-1204.

© 2014 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 license

(http://creativecommons.org/licenses/by/3.0/).



