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1. �From masked mycotoxins to modified 
fumonisins

Mycotoxins are secondary metabolites produced by fungi 
that may contaminate crops worldwide, mainly cereals. 
Advance in mycotoxin determination have shown that 
in addition to parent mycotoxins, cereals also contain 
mycotoxin conjugates. These compounds are commonly 
known as ‘masked mycotoxins’, since they originally escaped 
routine methods on account of their different chemical 
properties compared to parent forms (Berthiller et al., 2005).

Masked mycotoxins

Masked mycotoxins are found in grains and derived foods 
as a result of plant phase II metabolism. More specifically, 
the plant may respond to the pathogen infection through 
a detoxification pathway, leading to the conjugation of 
the mycotoxin with a polar compound such as a glucose, 
glutathione or sulphate. Conjugates of trichothecenes and 
zearalenone (ZEA) have been identified so far (Berthiller et 
al., 2013). While occurrence data on masked deoxynivalenol 
(DON) and ZEA have been reported in the literature, 
less is known to date about other trichothecenes such as 
nivalenol and T-2 and HT-2 toxins (Meng-Reiterer et al., 
2015; Nathanail et al., 2015a,b; Yoshinari et al., 2014).
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Abstract

Masked mycotoxins are found in grains and derived foods as a result of plant phase II metabolism. Recently, masked 
mycotoxins senso strictu, together with other covalently or non-covalently conjugated forms, even formed upon 
processing, have been classified as modified mycotoxins. In this context, the issue of modified fumonisins is of 
great interest, on account of the wide range of factors affecting their formation and accumulation in maize pre- and 
postharvest. Fumonisins, indeed, may undergo modification in plants, along the growing season, but also during 
storage and drying of maize kernels, and upon processing. All these modifications strongly affect the analytical 
outcome, thus making more difficult the assessment of maize compliance. Since the ratio between free and modified 
fumonisins is affected by maize composition and environmental factors, a deeper knowledge on the phenomena 
driving the production and accumulation of free and modified forms in plants may support the selection of resistant 
hybrids. This review provides a critical picture of the state of the art on this topic, mainly focusing on those events 
occurring in field, identified as crucial in determining amount and partitioning of contamination. Nevertheless, 
knowledge on modified fumonisins is still in its dawn, on account of the wide range of factors involved. Anyway, 
reported results, taking altogether, clearly indicate that modified fumonisins should be included in the monitoring 
plans to have an overview of the possible contribution to human exposure. Furthermore, next efforts should focus 
on the events occurring in field and on the cross-talk between the plant and the fungus, to support the identification 
of resistant hybrids and to provide data for predictive models, the most suitable tool to forecast what is going to 
happens in the future changing climate.
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Besides conjugation, there is evidence that some mycotoxins 
can be covalently or non-covalently bound to the matrix 
macromolecules, or physically entrapped within the matrix 
structure (Berthiller et al., 2013). According to a more 
recent classification, masked mycotoxins senso strictu are 
part of the wider group ‘modified mycotoxins’, also including 
those compounds derived from processing and metabolic 
transformations (Rychlik et al., 2014). Starting from the 
literature, masked/modified mycotoxins in cereals and 
product thereof account for an additional amount up to 40-
60% of the parent compounds (EFSA, 2014). This suggests 
that the mycotoxin burden in cereals could be significantly 
higher if the ‘masked’ forms are taken into account. In this 
context, a peculiar role is played by fumonisins, as their 
modified forms are still to be univocally characterised 
(Dall’Asta et al., 2010).

Parent and masked fumonisins

Fumonisins are a group of mycotoxins produced by various 
Fusarium sp., and are frequently found in maize worldwide, 
mainly associated to Fusarium verticillioides, a member of 
Fusarium fujikuroi species complex. Structurally, they are 
long-chained aliphatic amines carrying methyl and hydroxyl 
groups at various positions of the aliphatic chain. Two of 
the hydroxyl groups are esterified with tricarballylic acids. 
Although a large number of fumonisins have been identified 
so far, the B group (i.e. fumonisin B1 to B4 (FB1-4) is the 
most prevalent in food and feed commodities (Figure 1).

Unlikely other mycotoxins, FBs are reactive compounds that 
can undergo modification via the primary amino group, 
and the hydroxyl and the carboxylic groups. In addition, 
tricarballylic side chains are commonly cleaved upon 
treatment with alkali releasing the aminopentol backbone, 
commonly known as hydrolysed FBs. It has been observed 

that alkaline hydrolysis of contaminated maize products 
leads to an often higher amount of released hydrolysed FBs 
than that stoichiometrically derived by the conversion of 
the FBs detectable by the routine analysis (Dall’Asta et al., 
2009, 2010; Kim et al., 2003; Park et al., 2004). Starting 
from this observation, studies on the possible occurrence 
of modified forms, both covalently or not covalently bound, 
have been performed over the last decade.

Over the years, a number of unidentified bound forms 
were detected in thermally treated food products such as 
cornflakes (Kim et al., 2003; Park et al., 2004). The nature 
of this masking mechanism was initially attributed to the 
formation of covalent bonds between the tricarballylic 
groups of FBs and the hydroxyl groups of starch or the 
amino or sulfidryl groups of the side chains of amino 
acids in proteins (Seefelder et al., 2003). However, the so 
called ‘hidden fumonisins’ are not restricted to thermally 
treated products, but have been proven to occur with mild-
temperature exposure as well as in maize kernels harvested 
in commercial fields (Dall’Asta et al., 2010).

This evidence is actually related to the empirical observation, 
often reported by farmers, that different FB contamination 
levels may be found before and after maize drying, 
confirmed by some research data (Giorni et al., 2015a).

The masking mechanism

The mechanism of FB modification is still an issue, as the 
chemical structure of these compounds let them interact 
and/or react in a number of modes with the matrix 
biopolymers. Possible modifications are reported in Figure 2.

The parent compounds can be found physically entrapped 
into the structure of macromolecular components, such as 
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Figure 1. Chemical structures of fumonisin B1, hydrolysed fumonisin B1, and fatty acid esters of fumonisin B1.
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starch or proteins. Thus, these forms are only extractable 
after alkaline hydrolysis of the matrix (Dall’Asta et al., 2009). 
The entrapping mechanism is still to be clarified from a 
physicochemical side, but data collected so far indicate that 
biopolymers – preferentially amylose and amylopectine – 
may form inclusion complexes with FBs. These complexes 
are stable under the routine extraction conditions, but can 
be easily destroyed under in vitro digestion conditions, 
when biopolymers are enzymatically degraded (Dall’Asta 
et al., 2010). Although the nature of the complexation is 
not described, it is known that amylose is able to bind lipid 
compounds. These supramolecular structures have been 
elucidated by physical methods (Genkina et al., 2015; Manca 
et al., 2015; Marinopoulou et al., 2016).

In addition, due to the presence of a primary amino 
group and of four carboxyl groups, FBs can undergo 
various chemical reactions, e.g. Maillard-type reactions 
with carbohydrates or ester/amide with proteins, lipids 
or carbohydrates. Such reactions have been reported in 
thermally treated maize products (Humpf and Voss, 2004), 
giving rise to a multitude of compounds, which causes 
major analytical problems. Further investigation performed 
on model system showed that such conjugation may occur 
at 140-150 °C (Seefelder et al., 2003). In consideration of the 
low yield reported in the model system, the occurrence of 
these compounds at significant amount in a more complex 
food product is likely to be very low.

Finally, the hydroxyl groups and the amino group are 
involved in the formation of fatty acid conjugates in plants. 
The structures of 3-O- and 5-O-linoleoyl-FB1, 3-O- and 
5-O-oleoyl-FB1, and 3-O- and 5-O-palmitoyl-FB1 were 
proposed for six esterified FB1 isomers detected in small 

amounts in a F. verticillioides-inoculated rice culture 
(Bartók et al., 2010, 2013). Similarly, the occurrence of 
N-palmitoyl, N-oleoyl- and N-linoleoyl-FB1 derivatives in 
rice cultures of F. verticillioides has been reported so far 
(Bartók et al., 2013).

2. �Fumonisins: formation and modification in 
plants

Formation of fumonisins

The formation and accumulation of FBs during maize 
growth is a very complex process, affected by both the 
interaction of the fungal pathogen with the host plant and 
the environment. Many ecological studies confirmed the key 
role of temperature and aw in modulating F. verticillioides 
growth and FB production. From these observations, 
descriptive and predictive models have been derived (i.e. 
Battilani et al., 2003; Maiorano et al., 2009; Samapundo 
et al., 2005).

More recently, it has been stated that FB biosynthesis is 
regulated by the FUM gene cluster whose mechanism 
has not yet been totally clarified (Butchko et al., 2006; 
Desjardins and Proctor, 2007; Proctor et al., 2003). However, 
regulating action of ecological factors in eliciting the 
expression of genes belonging to the cluster was newly 
considered.

In in vitro studies, differences in the expression of 
FUM genes, depending on the ecological condition of 
exposure, were described. The effect of temperature, 
i.e. was significantly higher on FUM21 than on FUM2 
expression (Lazzaro et al., 2012b). FUM3 and FUM14 

Fumonisins
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(i.e. HFB1)

Conjugated forms
(i.e. NDF-HFB1)
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(i.e. fatty acid esters)
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Figure 2. Modified forms of fumonisins formed in maize at various stages. The occurrence of possible unknown compounds is 
expected in consideration of the mass unbalance.
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were the most highly expressed among the 5 FUM genes 
studied in different water activity (aw) conditions and a 
positive correlation with FB production has been shown. 
However, the partitioning FB3 (precursor) to FB1 (resulting 
compound) is in favour of the former when FUM14 is 
more highly expressed than FUM3, possibly due to the 
role of FUM3 in the hydroxylation of FB3 to FB1 (Lazzaro 
et al., 2012a).

The relative expression of nine biosynthetic FUM cluster 
genes and FB production, in relation to the environmental 
factors, was also considered by Medina et al. (2013). They 
developed a predictive model which provided a good linear 
regression fit between the predicted and observed FB 
production based on the expression rate of the studied genes 
in different temperature and aw regimes. This approach 
was considered in view of examining the impact of climate 
change factors on toxin production (Magan et al., 2011).

The expression of FUM1 gene (fumonisin polyketide 
synthase) is induced in F. verticillioides in response to water 
stress. Therefore, drought conditions are supposed to result 
in increased risk of FB contamination (Marìn et al., 1999). 
In particular, significant and prolonged increase in water 
stress (e.g. 0.93 aw) enhanced FUM1 expression, while a 
mild water stress (0.98-0.95 aw) did not significantly affect 
gene transcripts (Jurado et al., 2008).

After many studies in vitro that quantitatively described the 
role of ecological parameters in FB synthesis, the formation 
of FBs in plant is still to be completely clarified. However, 
it is confirmed that the rate of water loss during maize 
ripening seriously affects FB accumulation (Battilani et 
al., 2011). The decrease to 30-35% moisture content in 
grains at the mid-dough stage (approximately 0.95 aw) open 
the window for F. verticillioides to maximise FB synthesis 
(Medina et al., 2013). Time and length of these optimal 
conditions in field is strictly weather dependent.

In addition, drought, insect damages and, in general, the 
wide concept of stress induce a great increase in fungal 
growth and in FB accumulation in maize kernels (Wu et al., 
2011). Rain and irrigation are important limiting factors in 
FB accumulation (Pitt et al., 2013), while pest attacks are 
enhancing factors. Moreover, the use of cultivars developed 
for particular climates is important; the choice of hybrid 
outside the recommended growing areas increases stress 
and FB production (Doko et al. 1995; Visconti, 1996).

Fumonisin accumulation is influenced by nutritional 
factors such C:N ratio, amylopectin content in kernels 
(Bluhm and Woloshuk, 2006; Giorni et al., 2015b; Picot 
et al., 2012) and pH (Flaherty et al., 2003). However, the 
chemical composition of maize kernels, mainly the lipid 
fraction, has been shown to influence FB production by F. 
verticillioides (Dall’Asta et al., 2012).

In particular, fatty acids, such as oleic and linoleic acids, 
seem to have a key role in driving the FB accumulation in 
plants. Notably, maize hybrids with high linoleic content 
displayed higher FB contamination (Dall’Asta et al., 
2012). This has been related to the involvement of these 
compounds in the plant pathogen cross-talk (Scala et al., 
2013). Unsaturated and polyunsaturated fatty acids, such 
as oleic and linoleic acids, are precursors of oxylipins, a 
class of oxidised metabolites responsible for the signalling 
pathways of both plants and fungi (Reverberi et al., 2012). 
In agreement, it was recently found that the content of the 
phytoceramides lignoceric phytosphingosine, and hydroxyl 
lignoceric phytosphingosine, as well as the oxylipins 9- and 
13-hydroxyoctadecenoic acid, are significantly modified 
upon FB accumulation in maize hybrids under natural field 
conditions (Giorni et al., 2015a).

The cropping system as a whole is the tool available for 
farmers to try mitigate FBs, with hybrid selection, irrigation, 
pest control and harvest time choice being the main driving 
factors; however, even when optimised they are not able to 
prevent, but only to mitigate, FB contamination.

Modification of fumonisins

All mechanisms and factors involved in FB production 
in maize ears are not yet completely clarified, but many 
steps forward have been done; instead, regarding modified 
FB, knowledge is still poor. Nonetheless, most of the 
studies have been performed under field conditions, and 
univocally pointed out the crucial role of maize hybrids. 
In consideration of the open field design of these studies, 
bigger efforts and longer time are requested to obtain 
reliable results compared to in vitro studies.

Maize hybrids, water activity and amylose/amylopectin ratio 
in grain are affecting the extent of masking (Giorni et al., 
2015b), which is however mostly related to lipid compounds. 
Fatty acids play a key role not only in FB production, but 
also in its modification in plants; the ratio oleic/linoleic acid 
is in fact negatively related to FB modification (Dall’Asta et 
al., 2012). As both oleic and linoleic acids are precursors 
of oxylipins – a class of chemical mediators between the 
plant and the fungus – the correlation of these compounds 
with the accumulation of mycotoxins underlines that the 
plant-fungus cross talk strongly affects FB modification.

Interestingly, the only conjugated forms of FB that have 
been isolated in naturally infected kernels so far are due 
to the esterification of FBs with oleic and linoleic acids 
(Falavigna et al., 2013). Studies performed in vitro on 
different growing substrates (maize vs rice) showed that 
the distribution in terms of oleic and linoleic moieties 
in fatty acid esters produced by F. verticillioides strongly 
resemble the fatty acid composition of the growing medium. 
In addition, comparing the trend of production, it is clearly 
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demonstrated that the conjugated forms increase in both 
media when the free forms reach a threshold (Falavigna 
et al., 2016). This statement suggests that fatty acid esters 
of FB1 are produced by the fungus itself at a late stage of 
its growth, or at a certain level of FB accumulation, using 
fatty acids from the plant.

Similarly, the formation in maize of N-acyl derivatives of 
FB1 with oleic and linoleic acids has been proved in vitro 
(Bartók et al., 2013). However, no information about the 
possible occurrence of similar compounds in plants are 
reported so far.

The involvement of lipid composition of the maize kernels 
in toxin accumulation was further confirmed by different 
studies (Christensen and Kolomiets, 2011; Scala et al., 
2014). Maize lipids seemed to play a pivotal role in FB 
accumulation; the oxylipin 9-HODE ((±)-9-hydroxy-
10E,12Z-octadecadienoic acid) and three sphingolipids 
were identified as able to differentiate high-contaminated 
from low contaminated hybrids (cut-off = 2,000 μg/kg of 
FBs: Dall’Asta et al., 2015). The correlation between FB 
accumulation and plant lipid profile was further supported 
by Giorni et al. (2015a), although the cause-effect relation 
between FB and plant lipidome is still to be clarified. It 
was recently suggested that trapping endo- and exotoxins 
within lipid droplets (LD) is a resistance mechanism in 
fungi (Chang et al., 2015), leading to a quenching of the 
intracellular ROS production. Although the trapping of 
mycotoxins in such structures has never been investigated, 
a similar mechanism might occur. LD are intracellular 
organelles containing neutral lipids, mainly triacylglicerols 
and sterol esters. Although they are mainly lipid storage 
structures, they take part to a number of cellular functions 
linked to lipid metabolism, among them membrane 
trafficking and cell signalling (Walther and Farese, 2012). 
These are important input for further studies aimed to 
clarify the mechanism and to answer open questions.

The possible role of oxylipins was also studied in vitro 
using a mutant strain of F. verticillioides. Oxilipins are 
supposed to regulate gene expression in F. verticillioides 
and to be able to re-shape the transcriptional profile by 
inducing chromatin modifications. They appear to exert 
thus a direct control on the transcription of secondary 
metabolism (Scala et al., 2014).

In a field study managed in 2010, hidden FBs were detected 
in 9 out of 10 hybrids, accounting for ~57% of the free 
form at harvest. Interestingly, the only hybrid negative to 
hidden FBs was found highly infected by Aspergillus flavus 
(Dall’Asta et al., 2015). Therefore, interaction between 
fungi, and the mycoflora associated to the grains, should 
be considered as relevant in the complex pathosystem, 
although the mode of action is actually totally unknown.

3. �Modified fumonisins: formation and fate 
postharvest

Effect of drying and storage

Although modified FBs already occur in field, the ratio 
between free and hidden forms is likely affected by 
technological treatments postharvest. Information about 
the distribution of FBs into the maize fractions clearly 
indicate that mycotoxins are concentrated in the surface 
layers of the maize kernel. Accordingly, germ, hull, pericarp 
and tip cap fractions are expected to have high levels of FBs 
(Brera et al., 2004; Burger et al., 2013; Pietri et al., 2009). 
The fungal colonisation progresses from the outer layer of 
the kernel to the inner layer. This could be due to the bran 
that acts as a physical barrier against the fungal penetration 
into the endosperm (Burger et al., 2013). A lower surface 
wax content on the pericarp has been also associated with 
higher FB amounts in the kernel (Sampietro et al., 2009).

Very recently, several studies addressed not only the 
occurrence of free and hidden FBs in maize preharvest, 
but also their possible redistribution into the milling 
fractions post-harvest. Under a true-scale perspective, 
a significant increase in the free-to-total FB ratio was 
observed moving from stored kernels to commercial flour, 
suggesting that milling leads to a reduction of the masked 
fraction with respect to the free forms (Falavigna et al., 
2014). A consistent trend was reported by Giorni et al. 
(2015a), by measuring the free and total forms into maize 
samples before and after drying treatments (two conditions 
applied: 70 °C, 24 h or 95 °C, 9 h). In particular, entrapped 
forms were higher in samples analysed at harvest, while 
an opposite trend was observed after drying (Giorni et al., 
2015a), indicating that the free forms are dominant only 
after heat treatment. The chemical and/or physical changes 
affecting the distribution are actually still to be understood.

According to some authors, the fumonisin contamination 
seems to increase in lower particle size final products (Brera 
et al., 2004; Pietri et al., 2009). This could be induced by 
a major extractability of the free FBs fraction when the 
particle size decreases, and thus the sample surface available 
to the solvent increases.

A role of starch was hypothesised, related to its gelatinisation 
during maize drying, that presumably make FBs more 
easily extractable, thus increasing their detectable content. 
The possible involvement of starch in FB accumulation 
and modification postharvest has been pointed out also 
by Bryla et al. (2015). By comparing the concentration of 
free and total FBs in flour and bran upon maize milling, 
the authors showed that the components interacting with 
FBs are non-uniformly distributed throughout the kernel. 
They also stated that there is an overall reduction in FB 
contamination moving from raw kernels to flour, while 
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comparable levels of contamination were reported by 
Dall’Asta et al. (2012). The different outcomes could be 
explained by the different technological parameters applied 
during the trials. In addition, the starch composition in 
terms of amylose/amylopectine ratio is affected by both the 
hybrid and the weather conditions. It was reported, indeed, 
that high temperature during the growing season may lead 
to a reduction in the amylose content (Hizukuri, 1969).

Bryla et al. (2015) pointed out that the free-to-total FBs 
ratio is flour (0.61) < bran (0.64). The values are quite 
similar, even in consideration of possible experimental bias. 
Nonetheless, once the trend will be confirmed by further 
experiments, it suggests that an enrichment in starch, as 
obtained in flour, leads to a decrease of the free forms. From 
these results, it could be argued that physically entrapped 
FBs are more present in the endosperm than in the outer 
layers. In agreement, another study from the same group 
showed that maize-based starch concentrates apparently 
found as blank upon routinely analysis, contained on the 
contrary low amount of entrapped forms when alkali-
treated (Bryła et al., 2016).

Although apparently contradictory, results from studies 
reported above (Bryla et al., 2015; Giorni et al., 2015a) 
indicated that both the particle size and the starch amount 
may affect the free-to-total FBs ratio. Comparing corn 
flour to the grinded kernels, the stronger association of 
FBs to the matrix components (greater starch amount) 
is partially balanced by the higher extractability due to 
lower particle size. Therefore, since the experiments were 
performed independently and under different conditions, 
the relative contribution of each parameter to the overall 
effect cannot be extrapolated.

With regard to changes occurring upon ensiling, a very 
recent study showed a similar trend (Latorre et al., 2015). 
The authors analysed a number of maize silage samples 
(n=124) finding that 65 and 39% of the total FB1 and FB2 
amount were due to hidden FBs, respectively. Moreover, 
the same study followed the changes in free-to-total ratio 
in laboratory maize silos upon aerobic fermentation, 
confirming that the aerobic conditions have a significant 
influence on the amount of total FB1 and FB2 in silage, 
while free forms seemed to be unaffected.

Effect of thermal treatments

A number of studies reported the degradation of FBs upon 
processing, when temperature of 160 °C or more are applied 
(Bullerman et al., 2008; Castells et al., 2009; Jackson et 
al., 2011). Similarly, FB degradation is often associated to 
alkali-treatments commonly applied for the production 
of tortillas or masa flour (Humpf and Voss, 2004; Jackson 
et al., 2012). The main reaction described upon thermal 
treatments and in the presence of reducing sugars involves 

Maillard-type reactions and further rearrangement. The 
main products are N-carboxymethyl-fumonisin (NCM-FB1) 
and N-deoxyfructosyl-fumonisin (NDF-FB1). In addition, 
the hydrolysed form due to the cleavage of both carballylic 
moieties is commonly obtained upon alkali treatment 
(Humpf and Voss, 2004). Possible chemical structures are 
reported in Figure 3.

Jackson et al. (2011) proposed a twin-screw extrusion 
study to investigate the fate of fumonisins in flaking maize 
grits. FB1 and its analogues were measured with a mass 
balance approach. Results showed that FB content was 
reduced up to 72% without sugar addition, and up to 94% 
with added glucose. After extrusion the authors detected 
little amount of NCM-FB1 and hydrolised fumonisin 
(HFB1), while the formation of NDF-FB1 via Maillard-
type reaction was a major modification pathway upon 
sugar addition. Nonetheless, unrecovered unknown 
forms were predominant (>50%) when comparing the FB1 
originally present in maize and the amount of FB-related 
compounds measured after extrusion. Concerning the non-
covalently bound forms, very recent studies demonstrated 
that thermally processed food products like flakes and 
snacks exhibit higher ratio of hidden-to-free FBs than low 
processed products, like flour, groats or popcorn grains 
(Bryła et al., 2016). This result indicates that a possible 
modification of the masking rate may occur upon thermal 
process, according to the technological treatment and the 
food properties.

Finally, a lower degradation of hidden forms compared 
to free FBs upon baking (260 °C, 38 min) was reported 
Bryla et al., (2014). Accordingly, the associative interaction 
with macroconstituents may lead to a stabilisation of the 
hidden forms compared to free FBs. Again, the formation 
of supramolecular structures may prevent FBs from further 
degradative reactions: this effect is commonly exploited 
for the chemical stabilisation of reactive species (Galan 
and Ballester, 2016). It should be mentioned, however, that 
sourdough fermentation was performed before the baking 
treatment, and this could lead to additional side reactions 
involving matrix constituents.

4. Modified fumonisins: toxicological relevance

The toxicological role of masked mycotoxins is still to be 
fully clarified, but preliminary results strongly suggest 
their inclusion in risk assessment studies (EFSA, 2014). 
Although most of the modified forms are stable under 
gastric conditions, they are prone to cleavage in the gut 
upon large intestinal microbial activity (Dall’Erta et al., 
2013; Gratz et al., 2013; McCormick et al., 2015). This 
will lead to the release of free, unbound mycotoxins 
within the human gut and might add to the toxicological 
burden. Therefore, the presence of masked metabolites of 
mycotoxins in foods and their release inside the human gut 
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need to be assessed to get a full picture of the risk posed 
by these compounds.

Studies performed in vitro on the bioaccessibility and 
bioavailability of modified FBs in maize showed that their 
release is strongly affected by the nature of the modification. 
Physical entrapment leading to hidden FBs can be easily 
disrupted in vitro under digestive conditions, using a 
digestion assay that simulates human gastrointestinal 
conditions (Dall’Asta et al., 2010; Falavigna et al., 2012). 
Fumonisin amount detected in the sample before the 
digestive assay was lower than that found in the chyme 
after the treatment. This result suggested the complete 
release of hidden FBs from the matrix, likely due to the 
enzymatic degradation of its macroconstituents (Dall’Asta et 
al., 2010). However, it must be underlined that this outcome 
was obtained under in vitro conditions, while in vivo other 
factors (i.e. gut microbiome, gastrointestinal pathologies, 
etc.) may play a relevant role.

A different behaviour has been shown, on the contrary, 
by covalently bound FBs, such as NDF- and NCM-FB1 
conjugates. These compounds are stable upon in vitro 
digestion, not representing thus an additional contribution 
to the overall FB load (Falavigna et al., 2012). In particular, 
the catabolic fate of NDF-FB1 was studied in vitro by Cirlini 

et al. (2015), showing that this compound is rather stable 
upon digestion and is not biotransformed by human gut 
microbioma. Hahn et al. (2015) studied the metabolic 
fate in rats of HFB1 and NDF-FB1 compared to a FB1-
treated control group (Hahn et al., 2015). In agreement 
with previous literature, positive control group individuals 
showed an increased sphinganine-to-sphingosine ratio 
after 1 week of exposure (10 mg/kg FB1 by diet), indicating 
a disruption of the sphingoid bases metabolism. On the 
contrary, neither HFB1 nor NDF-FB1 showed significant 
effects. In addition, NDF-FB1 was mainly recovered in the 
faeces of rats, unchanged or as FB1 (up to 30%), suggesting 
a partial release of the precursor in the gut of rats due to 
resident microbiota.

The formation of histopathological damages in kidneys was 
studied by Voss et al. (2013) in rats fed with nixtamalised 
maize containing FB1. Nixtamalisation is an alkali-treatment 
leading to the hydrolyses of FB1 to form mainly HFB1 
together with other unknown modified forms. According to 
the authors, nixtamalisation effectively reduces histological 
lesions in kidney, thus indicating a protective effect of 
some chemical modification reactions towards FB1 related 
nephropathy. In addition, nothing is known so far about 
the possible toxic effects due to N-acyl conjugates formed 
in plants (Bartók et al., 2013). Since these compounds are 

N-carboxymethyl-fumonisin B1 (NCM-FB1)
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structurally related to ceramides, and in consideration of 
the ability of FBs to alter ceramide metabolism in humans 
(Riley et al., 2015), the toxicological relevance of these 
modified forms should be further considered.

5. Climate change, more than a warmer world

Talking about climate change the pillars agreed by scientists 
are the increase in mean temperature and a different 
distribution of rainfall, abundant during winter and 
scarce/absent during summer time; to summarise, climate 
in temperate zones will become more similar to tropical 
conditions, and extreme events, like drought periods 
or episodes of very intense precipitation are expected. 
This will be combined with an increasing carbon dioxide 
concentration in the air (IPCC, 2007).

Climate change is expected to result in strong effects on 
crop geographic distribution and crop production. From one 
side, several crops, maize included, are expected to enlarge 
their growing area, thanks to temperature increase that 
make their life cycle possible at higher latitudes (Battilani 
et al., 2016). On the other side, extreme events will cause 
relevant stress to the crops and their production is expected 
to decrease, both in term of quantity and quality. This is 
confirmed with field data on wheat (Asseng et al., 2014) 
and maize (Tao and Zang, 2011). Further, the predicted 
increase in CO2 (up to 600 ⁄ 700 ppm over 1000 ppm) and 
mean air temperature (+2 to +5 °C) are expected to modify 
the phyllosphere mycoflora of cereals during ripening 
(Magan and Baxter, 1996). Therefore, climate change has 
been related to emerging food and feed safety and security 
issues worldwide (Miraglia et al., 2009), with mycotoxin 
occurrence playing a crucial role both in food and feed.

Impact of climate change in field

The impact of climate change on mycotoxin producing fungi 
in field counts really few studies. It is worth mentioning 
Magan et al. (2011). They reported the important example of 
Fusarium culmorum that has been gradually outcompeted 
by Fusarium graminearum in Fusarium Head Blight of 
wheat. A further fundamental example regards A. flavus 
that caused severe aflatoxin contamination in maize in 
Italy in 2003 (Piva et al., 2006) and in several European 
maize growing areas in 2012 and 2015 (Pleadin et al., 2015), 
attributable to the ongoing climate change (Battilani et al., 
2016). This will be a relevant topic to be studied in the next 
future, being reported that FB modification is apparently 
absent with relevant incidence of A. flavus.

The interest towards F. verticillioides behaviour in climate 
change scenario seems scarce, probably due to the more 
immediate link between warmer conditions and aflatoxin 
contamination. It is anyway stressed by Wu et al. (2011) 
that climate extremes should result in altered composition 

of Fusarium species associated to maize kernels. Based on 
surveys managed i.e. in Iowa, F. verticillioides is predominant 
in warm areas, but Fusarium subglutinans incidence 
increases in cooler northern areas. Differences in maize 
associated fungal population was also noticed in Italy in a 
two year study where Fusarium proliferatum was largely 
dominant compared to F. verticillioides only in the dryer year, 
mainly in organic, but also in conventionally managed crops 
(Lazzaro et al., 2015). Therefore, the impact of a changing 
climate on F. verticillioides will be complicated by the 
concomitant effects on the partitioning between Fusarum 
species. Recent studies evidenced that preceding infection 
of F. graminearum favours F. verticillioides, in addition to 
its known competitive advantage over the former (Picot et 
al., 2012). Moreover, the prevalence of F. graminearum, in a 
mild and rainy season, was recently highlighted in north Italy, 
a maize growing area where F. verticillioides is traditionally 
the key fungus (Andreotti, 2014).

Focusing on F. verticillioides, because it maximises FB 
production at marginal aw around 0.95, this will be surely 
affected by the supposed warmer season. Further, it 
has been shown that in warm conditions, the systemic 
transmission of F. verticillioides from plant to kernels, 
commonly considered almost irrelevant, increased and 
could contribute to FB contamination in grain (Murillo-
Williams and Munkvold, 2008).

The neglected aspect of CO2 increase in future scenario 
was suggested as relevant for maize susceptibility to F. 
verticillioides, even with a reduction in FB produced per 
unit pathogen. Interestingly, in maize grown at elevated 
CO2, the accumulation of some compounds is modified, i.e. 
sugars, free fatty acids, lipoxygenase (LOX) transcripts. In 
particular, the attenuation of maize 13-LOXs and jasmonic 
acid production correlates with increased susceptibility 
to the fungus. Furthermore, the diminished induction of 
9-LOXs, involved in mycotoxin biosynthesis, is consistent 
with reduced FB per unit fungal biomass (Vaughan et al., 
2014). As a general comment, elevated CO2 seems to 
compromise maize LOX dependent signalling and, based 
on available knowledge, this could be speculated to affect 
also FB modification.

Apart the direct effect of climate change on the pathosystem 
maize-F. verticillioides and the related mycoflora, pests will 
be surely involved (Porter et al., 1991). Insect life cycle is 
strictly dependent on temperature, and its increase result 
in a faster completion and possibly in the increase of cycle 
number per year, with more damages to the crops.

Finally, as a further comment regarding the effect of 
climate change in field, it is mandatory to remember that 
all stresses, both involving the host plant and the fungus, 
enhance FB accumulation and, even not yet detailed, also 
their modified forms.
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Impact of climate change post-harvest

The post-harvest stage in the maize chain is less connected to 
climate change than the pre-harvest period and only general 
comments are reported in literature regarding the effect 
on mycotoxins. The supposed impact mainly regards the 
residual effect from field, the ecosystem inside silos where 
maize grains are stored and the complex interactions between 
abiotic and biotic factors. The effect of increasing temperature 
and CO2 on grain quality, with protein and micronutrient 
content reduction, could influence the interaction with fungi 
and their secondary metabolism, protracted during post-
harvest (Chakraborty and Newton, 2011).

The more rapid pest development under elevated 
temperature can modify the water balance inside the grain 
mass and create spots of wet grains supporting fungal 
activities and therefore spot increase in mycotoxins, that 
are very difficult to be correctly detected (Magan et al., 
2011). This is especially true in poorly-stored grain, as 
supported by in vitro studies where suitable conditions for 
mycotoxin production were considered. On the contrary, it 
is well known that grain stored with proper aw is almost a 
guarantee of no increase in FB content, also in very simple 
storage tools, like silobags, that strongly reflect in their 
inside the fluctuation of external temperatures (Gregori 
et al., 2013).

6. �Modified fumonisins: the known and the 
unknown

Although the issue of masked mycotoxins is still scientifically 
young, an increasing number of studies have been published 
over the last decade. Questions related to the toxicological 
relevance and the role in plants of these compounds 
are still open, but great efforts have been spent for the 
characterisation of DON-3-glucoside and other masked 
forms of major trichothecenes, as well as for zearalenone-
14-glucoside. DON-3-glucoside is commercially available, 
other compounds can be easily synthesised, and a number 
of in-house validated methods for their quantification have 
been proposed so far.

On the other side, modified FBs have been overlooked over 
recent years. Fumonisin contamination is often regarded as 
a less relevant problem compared to other mycotoxins, since 
these compounds are mainly found in maize, and maize is 
less frequently consumed by humans than other cereals, 
at least in developed countries. Nowadays, the scenario is 
changing. F. verticillioides, or in a wider view, F. fujikuroi 
species complex, infection is affecting a large range of crops 
over a wide geographical area (Leslie et al., 1996). Among 
the relevant crops apart maize, rice (Desjardins et al., 1997), 
asparagus (Elmer, 1990), date palm (Abdalla et al., 2000) 
and Allium crops, including onion and garlic (Dugan et al., 
2003; Du Toit et al., 2003), can be mentioned. Even if data 

regarding their contribute to human exposure to FBs are not 
available, it is worth to cite them. Further, other fungi, i.e. A. 
niger, have been recognised as FB producers. The industrial 
use of maize is no longer limited to feed industry, but there 
is an increasing number of biotechnological applications 
based on maize-derived raw materials, and the interest of 
food industries in maize fractions for the production of 
innovative foods is exponentially growing. As an example, 
maize flour itself is often used as main ingredient for gluten 
free products.

In this frame, the issue of modified FBs and the possible 
effect of technological process have to be deeper 
investigated. Among the open questions, urgent is the 
analytical one. Besides conjugated forms such as NDF-FB1 
or fatty acid esters, that can be included in routinely LC-
MS/MS methods, physically entrapped FBs are difficult 
to be quantified, as the associative interaction between 
FBs and the matrix must be destroyed before extraction. 
The ratio between free and ‘hidden’ FBs is thus strongly 
affected by analytical parameters (i.e. sample particle 
size, extraction solvent, pH), and by the matrix itself (i.e. 
chemical composition, pH, physical structure). As it has 
been demonstrated, the same sample may return different 
results if analysed by different laboratories (Dall’Asta et al., 
2009). Even reference materials – when naturally incurred 
– may return different results according to the different 
protocols of analysis, as often shown by higher variability 
encountered within FBs proficiency tests.

The methods applied today for the determination of total 
FBs rely on an alkaline hydrolysis of the sample, which 
is often cumbersome and may be easily affected by bias. 
Calculation is then applied for obtaining free and hidden 
FB amounts (Bryla et al., 2014, 2015; Dall’Asta et al., 2009). 
As an alternative approach, the sample could undergo 
digestion to completely degrade the matrix (Dall’Asta et al., 
2010). According to previous studies, N-acyl and N-sugar 
derivatives seem to be stable under digestive conditions, and 
thus could be totally recovered in the chime (Falavigna et al., 
2012). Nothing is known, on the other side, on the stability 
of O-esters in such analytical conditions. Although more 
accurate and elegant than alkaline hydrolysis, this procedure 
is time-consuming and actually not feasible for routine 
analysis. In order to include modified FBs in monitoring 
plans – and thus to obtain a larger set of occurrence data 
for exposure studies – a simpler and quicker procedure 
has to be implemented.

Besides the analytical determination, some intriguing issues 
are still on the table. As first, a fascinating issue is the role 
played by the plant in the formation of modified FBs. Fatty 
acid esters of FBs are indeed the only conjugated forms 
isolated in the field so far. However, unlikely other masked 
mycotoxins, these compounds are formed by the fungus 
itself and not by the plant, but the substrate is used as source 
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of fatty acids (Falavigna et al., 2016). Furthermore, the 
production of esters seems to start when FB1 accumulation 
has reached a certain threshold (Falavigna et al., 2013, 
2016). Which is the biological role of these compounds? 
Why is the fungus conjugating FBs only at a later stage of 
infection? These questions will require efforts in the next 
years, but the answer will possibly offer an opportunity to 
increase knowledge about the F. verticillioides – Zea mays 
pathosystem, also in terms of enhancing the plant resistance 
to pathogens. Further, the role played by the environment 
will became crucial in the ongoing climate change.

Another aspect to be clarified is the nature of the 
associative interaction occurring between FBs and maize 
macroconstituents. According to the more recent studies 
(Bryła et al., 2015, 2016; Giorni et al., 2015a), starch seems 
to be the key compound, and its physical modification 
occurring pre- and postharvest are driving the ratio between 
free and hidden FBs. It is thus crucial to understand the 
mutual interaction between these compounds, and how 
external parameters can affect this interaction. A deeper 
understanding of this phenomenon will explain the changes 
in contamination often reported by maize chain professionals, 
and may eventually support the design of fit-for-purpose 
technological processing, mainly in terms of mitigation.

Finally, gathering all the data related to modified FBs will 
support a deeper comprehension of the toxicological role 
played in mammals. Besides physically entrapped FBs, 
whose occurrence may lead to a significant underestimation 
of the exposure in animals and humans, other conjugated 
forms of FBs could contribute to the overall toxic load. 
Most of them are still to be structurally elucidated, while 
little is known about the metabolism and bioactivity of the 
already described N-acyl compounds that strongly resemble 
ceramides (Bartók et al., 2013).

7. Conclusions

In the recent years an increasing number of studies on 
masked/modified mycotoxins have been published, providing 
information and data for stakeholders and regulatory 
agencies. Advances in the analytical field have made available 
multi-toxin methods not only for research, but also for 
routinely monitoring plans. Although still preliminary, 
toxicological studies are moving forwards as well.

In this context, however, knowledge on modified FBs is still 
in its dawn, on account of the wide range of interactions the 
toxin may have with the matrix, and of the complexity of the 
F. verticillioides – Zea mays pathosystem. The production 
and accumulation of FBs and their modified forms are 
affected by climate, agronomic factors, and maize hybrid 
composition pre-harvest, while storage conditions and 
further technological processing postharvest may cause 
changes in their ratio. Extreme events, mentioned in climate 

change scenario, make more reliable the alternation, in the 
same growing season, of weather conditions favourable to 
different mycotoxin producing fungi, strongly suggesting 
to focus in future studies on the interaction between these 
microorganisms and the effect on mycotoxin production 
and modification.

These results, taking altogether, clearly indicate that 
modified FBs should be included in the monitoring plans 
to have an overview of the possible contribution to human 
exposure. Furthermore, next efforts should focus on the 
events occurring in field and on the cross-talk between 
the plant and the fungus, to support the identification of 
resistant hybrids and to provide data for predictive models, 
the most suitable tool to forecast what is going to happens 
in the future changing climate.

References

Abdalla, M.Y., Al-Rokibah, A., Moretti, A. and Mulè, G., 2000. 
Pathogenicity of toxigenic Fusarium proliferatum from date palm 
in Saudi Arabia. Plant Disease 84: 321-324.

Andreotti, L., 2014. Rese buone ma allerta Fusarium per il mais 2014. 
L’Informatore Agrario 33.

Asseng, S., Zhu, Y., Wang, E. and Zhang, W., 2014. Crop modeling for 
climate change impact and adaptation. In: Sadras, V.O. and Calderini, 
D. (eds.) Crop physiology: applications for genetic improvement 
and agronomy, 2nd ed. Elsevier, New York, NY, USA, pp. 505-546.

Bartók, T., Tölgyesi, L., Szekeres, A., Varga, M., Bartha, R., Szécsi, A., 
Bartók, M. and Mesterházy, A., 2010. Detection and characterization 
of twenty-eight isomers of fumonisin B1 (FB1) mycotoxin in a solid 
rice culture infected with Fusarium verticillioides by reversed-
phase high-performance liquid chromatography/electrospray 
ionization time-of-flight and ion trap mass spectrometry. Rapid 
Communications in Mass Spectrometry 24: 35-42.

Bartók, T., Szécsi, Á., Juhász, K., Bartók, M. and Mesterházy, Á., 2013. 
ESI-MS and MS/MS identification of the first ceramide analogues 
of fumonisin B1 mycotoxin from a Fusarium verticillioides culture 
following RP-HPLC separation. Food Additives and Contaminants 
Part A 30: 1651-1659.

Battilani, P., Rossi, V. and Pietri, A., 2003. Modelling Fusarium 
verticillioides infection and fumonisin synthesis in maize ears. 
Aspects of Applied Biology 68: 91-100.

Battilani, P., Formenti, S., Ramponi, C. and Rossi, V., 2011. Dynamic 
of water activity in maize hybrids is crucial for fumonisin 
contamination in kernels. Journal of Cereal Science 54: 467-472.

Battilani, P., Toscano, P., Van der Fels-Klerx, H.J., Moretti, A., Camardo 
Leggieri, M., Brera, C., Rortais, A., Goumperis, T. and Robinson, 
T., 2016. Aflatoxin B1 contamination in maize in Europe increases 
due to climate change. Scientific Reports 6: 24328.

Berthiller, F., Crews, C., Dall’Asta, C., Saeger, S.D., Haesaert, G., 
Karlovsky, P., Oswald, I.P., Seefelder, W., Speijers, G. and Stroka, 
J., 2013. Masked mycotoxins: a review. Molecular Nutrition and 
Food Research 57: 165-186.



� Fumonisins and their modified forms

World Mycotoxin Journal 9 (5)� 737

Berthiller, F., Dall’Asta, C., Schuhmacher, R., Lemmens, M., Adam, 
G. and Krska, A.R., 2005. Masked mycotoxins: determination of a 
deoxynivalenol glucoside in artificially and naturally contaminated 
wheat by liquid chromatography-tandem mass spectrometry. Journal 
of Agricultural and Food Chemistry 53: 3421-3425.

Bluhm, B.H. and Woloshuk, C.P., 2006. Amylopectin induces fumonisin 
B1 production by Fusarium verticillioides during colonization of 
maize kernels. Molecular Plant-Microbe Interactions 18: 1333-1339.

Brera, C., Debegnach, F., Grossi, S. and Miraglia, M., 2004. Effect of 
industrial processing on the distribution of fumonisin B1 in dry 
milling corn fractions. Journal of Food Protection 67: 1261-1266.

Bryła, M., Roszko, M., Szymczyk, K., Jedrzejczak, R. and Obiedziński, 
M.W., 2016. Fumonisins and their masked forms in maize products. 
Food Control 59: 619-627.

Bryla, M., Roszko, M., Szymczyk, K., Jędrzejczak, R., Slowik, E. and 
Obiedzińşki, M.W., 2014. Effect of baking on reduction of free and 
hidden fumonisins in gluten-free bread. Journal of Agricultural and 
Food Chemistry 62: 10341-10347.

Bryła, M., Szymczyk, K., Jedrzejczak, R. and Obiedziński, M.W., 2015. 
Free and hidden fumonisins in various fractions of maize dry milled 
under model conditions. LWT – Food Science and Technology 
64: 171-176.

Bullerman, L.B., Bianchini, A., Hanna, M.A., Jackson, L.S., Jablonski, 
J. and Ryu, D., 2008. Reduction of fumonisin B1 in corn grits by 
single-screw extrusion. Journal of Agricultural and Food Chemistry 
56: 2400-2405.

Burger, H.-M., Shephard, G.S., Louw, W., Rheeder, J.P. and Gelderblom, 
W.C.A., 2013. The mycotoxin distribution in maize milling fractions 
under experimental conditions. International Journal of Food 
Microbiology 165: 57-64.

Butchko, R.A., Plattner, R.D. and Proctor, R.H., 2006. Deletion analysis 
of FUM genes involved in tricarballylic ester formation during 
fumonisin biosynthesis. Journal of Agricultural and Food Chemistry 
54: 9398-9404.

Castells, M., Ramos, A.J., Sanchis, V. and Marin, S., 2009. Reduction 
of fumonisin B1 in extruded corn breakfast cereals with salt, malt 
and sugar in their formulation. Food Additives and Contaminants 
Part A 26: 512-517.

Chakraborty, S. and Newton, A.C., 2011. Climate change, plant diseases 
and food security: an overview. Plant Pathology 60: 2-14.

Chang, W., Zhang, M., Zheng, S., Li, Y., Li, X., Li, W., Li, G., Lin, Z., 
Xie, Z., Zhao, Z., Lou, H., 2015. Trapping toxins within lipid droplets 
is a resistance mechanism in fungi. Scientific Reports 5: 15133.

Christensen, S.A. and Kolomiets, M.V., 2011. The lipid language of 
plant-fungal interactions. Fungal Genetics and Biology 48: 4-14.

Cirlini, M., Hahn, I., Varga, E., Dall’Asta, M., Falavigna, C., Calani, 
L., Berthiller, F., Del Rio, D. and Dall’Asta, C., 2015. Hydrolysed 
fumonisin B1 and N-(deoxy-D-fructos-1-yl)-fumonisin B1: 
stability and catabolic fate under simulated human gastrointestinal 
conditions. International Journal of Food Sciences and Nutrition 
66: 98-103.

Dall’Asta, C., Mangia, M., Berthiller, F., Molinelli, A., Sulyok, M., 
Schuhmacher, R., Krska, R., Galaverna, G., Dossena, A. and 
Marchelli, R., 2009. Difficulties in fumonisin determination: the 
issue of hidden fumonisins. Analytical and Bioanalytical Chemistry 
395: 1335-1345.

Dall’Asta, C., Falavigna, C., Galaverna, G., Dossena, A. and Marchelli, 
R., 2010. In vitro digestion assay for determination of hidden 
fumonisins in maize. Journal of Agricultural and Food Chemistry 
58: 12042-12047.

Dall’Asta, C., Falavigna, C., Galaverna, G. and Battilani, P., 2012. Role 
of maize hybrids and their chemical composition in Fusarium 
infection and fumonisin production. Journal of Agricultural and 
Food Chemistry 60: 3800-3808.

Dall’Asta, C., Giorni, P., Cirlini, M., Reverberi, M., Gregori, R., Ludovici, 
M., Camera, E., Fanelli, C., Battilani, P. and Scala, V., 2015. Maize 
lipids play a pivotal role in the fumonisin accumulation. World 
Mycotoxin Journal 8: 87-97.

Dall’Erta, A., Cirlini, M., Dall’Asta, M., Del Rio, D., Galaverna, G. and 
Dall’Asta, C., 2013. Masked mycotoxins are efficiently hydrolyzed 
by human colonic microbiota releasing their aglycones. Chemical 
Research in Toxicology 26: 305-312.

Desjardins, A.E., Plattner, R.D. and Nelson, P.E., 1997. Production 
of fumonisin B1 and moniliformin by Gibberella fujikuroi from 
rice from various geographic areas. Applied and Environmental 
Microbiology 63: 1838-1842.

Desjardins, A.E. and Proctor, R.H., 2007. Molecular biology of 
Fusarium mycotoxins. International Journal of Food Microbiology 
119: 47-50.

Doko, M.B., Rapior, S., Visconti, A. and Schjøth, J.E., 1995. Incidence 
and levels of fumonisin contamination in maize genotypes grown 
in Europe and Africa. Journal of Agricultural and Food Chemistry 
43: 429-434.

Dugan, F.M., Hellier, B.C. and Lupien, S.L., 2003. First report of 
Fusarium proliferatum causing rot of garlic bulbs in North America. 
Plant Pathology 52: 426.

Du Toit, L.J., Inglis, D.A. and Pelter, G.Q., 2003. Fusarium proliferatum 
pathogenic on onion bulbs in Washington. Plant Disease 87: 750.

European Food Safety Authority (EFSA), 2014. CONTAM Panel: 
scientific opinion on the risks for human and animal health related 
to the presence of modified forms of certain mycotoxins in food 
and feed. EFSA Journal 2014: 3916.

Elmer, W.H., 1990. Fusarium proliferatum, as casual agent in Fusarium 
crown and root rot of asparagus. Plant Disease 74: 938.

Falavigna, C., Cirlini, M., Galaverna, G. and Dall’Asta, C., 2012. 
Masked fumonisins in processed food: co-occurrence of hidden 
and bound forms and their stability under digestive conditions. 
World Mycotoxin Journal 5: 325-334.

Falavigna, C., Lazzaro, I., Galaverna, G., Battilani, P. and Dall’Asta, C., 
2013. Fatty acid esters of fumonisins: first evidence of their presence 
in maize. Food Additives and Contaminants Part A 30: 1606-1613.

Falavigna, C., Dall’Asta, C., Decontardi, S., Galaverna, G. and Battilani, 
P., 2014. A true scale study of the maize chain with focus on free 
and hidden fumonisins and related fungi. World Mycotoxin Journal 
7: 297-304.

Falavigna, C., Lazzaro, I., Galaverna, G., Dall’Asta, C. and Battilani, 
P., 2016. Oleoyl and linoleoyl esters of fumonisin B1 are differently 
produced by Fusarium verticillioides on maize and rice based media. 
International Journal of Food Microbiology 217: 79-84.

Flaherty, J.E., Pirttilä, A.M., Bluhm, B.H. and Woloshuk, C.P., 2003. 
PAC1, a pH-regulatory gene from Fusarium verticillioides. Applied 
and Environmental Microbiology 69: 5222-5227.



C. Dall’Asta and P. Battilani

738� World Mycotoxin Journal 9 (5)

Galan, A. and Ballester, P., 2016. Stabilization of reactive species 
by supramolecular encapsulation. Chemical Society Review 45: 
1720-1737.

Genkina, N.K., Kiseleva, V.I. and Martirosyan, V.V., 2015. Different 
types of v amylose-lipid inclusion complexes in maize extrudates 
revealed by DSC analysis. Starch/Stärke 67: 752-755.

Giorni, P., Dall’Asta, C., Gregori, R., Cirlini, M., Galaverna, G. and 
Battilani, P., 2015a. Starch and thermal treatment, important factors 
in changing detectable fumonisins in maize post-harvest. Journal 
of Cereal Science 61: 78-85.

Giorni, P., Dall’Asta, C., Reverberi, M., Scala, V., Ludovici, M., Cirlini, 
M., Galaverna, G., Fanelli, C. and Battilani, P., 2015b. Open field 
study of some zea mays hybrids, lipid compounds and fumonisins 
accumulation. Toxins 7: 3657-3670.

Gratz, S.W., Duncan, G. and Richardson, A.J., 2013. The human fecal 
microbiota metabolizes deoxynivalenol and deoxynivalenol-3-
glucoside and may be responsible for urinary deepoxy-deoxynivalenol. 
Applied and Environmental Microbiology 79: 1821-1825.

Gregori, R., Meriggi, P., Pietri, A., Formenti, S., Baccarini, G. and 
Battilani, P., 2013. Dynamics of fungi and related mycotoxins during 
cereal storage in silo bags. Food Control 30: 280-287.

Hahn, I., Nagl, V., Schwartz-Zimmermann, H.E., Varga, E., Schwarz, 
C., Slavik, V., Reisinger, N., Malachová, A., Cirlini, M., Generotti, S., 
Dall’Asta, C., Krska, R., Moll, W.-D. and Berthiller, F., 2015. Effects 
of orally administered fumonisin B1 (FB1), partially hydrolysed FB1, 
hydrolysed FB1 and N-(1-deoxy-D-fructos-1-yl) FB1 on the sphingolipid 
metabolism in rats. Food and Chemical Toxicology 76: 11-18.

Hizukuri, S., 1969. The effect of environment temperature of plants 
on the physicochemical properties of their starches. Journal of the 
Japanese Society of Starch Science 17: 73-88.

Humpf, H.-U. and Voss, K.A., 2004. Effects of thermal food processing 
on the chemical structure and toxicity of fumonisin mycotoxins. 
Molecular Nutrition and Food Research 48: 255-269.

Intergovernmental Panel on Climate Change (IPCC), 2007. Climate 
change, synthesis report. Available at: http://www.ipcc.ch.

Jackson, L.S., Jablonski, J., Bullerman, L.B., Bianchini, A., Hanna, M.A., 
Voss, K.A., Hollub, A.D. and Ryu, D., 2011. Reduction of fumonisin 
B1 in corn grits by twin-screw extrusion. Journal of Food Science 
76: T150-T155.

Jurado, M., Marin, P., Magan, N. and Gonzalez, M.T., 2008. Relationship 
between solute and matric potential stress, temperature, growth, and 
FUM1 gene expression in two Fusarium verticillioides strains from 
Spain. Applied and Environmental Microbiology 74: 2032-2036.

Kim, E.K., Scott, P.M. and Lau, B.P.-Y., 2003. Hidden fumonisin in corn 
flakes. Food Additives and Contaminants 20: 161-169.

Latorre, A., Dagnac, T., Lorenzo, B.F. and Llompart, M., 2015. 
Occurrence and stability of masked fumonisins in corn silage 
samples. Food Chemistry 189: 38-44.

Lazzaro, I., Busman, M., Battilani, P. and Butchko, R.A.E., 2012a. 
Influence of water activity on secondary metabolite gene expression 
and production in Fusarium verticillioides. International Journal 
of Food Microbiology 160: 94-98.

Lazzaro, I., Susca, A., Mulè, G., Ritieni, A., Ferracane, R., Marocco, A. 
and Battilani, P., 2012b. Effects of changing in temperature and water 
activity on FUM2 and FUM21 genes expression and fumonisins B 
production in the maize pathogen Fusarium verticillioides. European 
Journal of Plant Pathology 134: 685-695.

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

Leslie, J.F., Marasas, W.F.O., Shephard, G.S., Sydenham, E.W., 
Stockenstrom, S. and Thiel, P.G., 1996. Duckling toxicity and the 
production of fumonisin and moniliformin by isolates in the A and F 
mating populations of Gibberella fujikuroi (Fusarium moniliforme). 
Applied and Environmental Microbiology 62: 1182-1187.

Magan, N. and Baxter, E.S., 1996. Effect of elevated C02 and 
temperature on the phyllosphere mycoflora of winter wheat flag 
leaves during ripening. Annals of Applied Biology 129: 189-195.

Magan, N., Medina, A. and Aldred, D., 2011. Possible impacts of 
climate change on mycotoxins in food crops pre- and post-harvest. 
Plant Pathology 60: 150-163.

Maiorano, A., Reyneri, A., Sacco, D., Magni, A. and Ramponi, C., 
2009. A dynamic risk assessment model (FUMAgrain) of fumonisin 
synthesis by Fusarium verticillioides in maize grain in Italy. Crop 
Protection 28: 243-256.

Manca, M., Woortman, A.J.J., Mura, A., Loos, K. and Loi, M.A, 2015. 
Localization and dynamics of amylose-lipophilic molecules inclusion 
complex formation in starch granules. Physical Chemistry Chemical 
Physics 17: 7864-7871.

Marìn, S., Magan, N., Belli, N., Ramos, A.J., Canelac, R. and Sanchis, 
V., 1999. Two-dimensional profiles of fumonisin B production by 
Fusarium moniliforme and Fusarium proliferatum in relation to 
environmental factors and potential for modelling toxin formation in 
maize grain. International Journal of Food Microbiology 51: 159-167.

Marinopoulou, A., Kalogianni, E.P. and Raphaelides, S.N., 2016. 
Amylose-fatty acid inclusion complexes as examined by interfacial 
tension measurements. Colloids and Surfaces B 137: 133-137.

McCormick, S.P., Kato, T., Maragos, C.M., Busman, M., Lattanzio, 
V.M.T., Galaverna, G., Dall-Asta, C., Crich, D., Price, N.P.J. and 
Kurtzman, C.P., 2015. Anomericity of T-2 toxin-glucoside: masked 
mycotoxin in cereal crops. Journal of Agricultural and Food 
Chemistry 63: 731-738.

Medina, A., Schmidt-Heydt, M., Cárdenas-Chávez, D.L., Parra, R., 
Geisen, R. and Magan, N., 2013. Integrating toxin gene expression, 
growth and fumonisin B1 and B2 production by a strain of Fusarium 
verticillioides under different environmental factors. Journal of the 
Royal Society, Interface 10: 20130320.

Meng-Reiterer, J., Varga, E., Nathanail, A.V., Bueschl, C., Rechthaler, 
J., McCormick, S.P., Michlmayr, H., Malachová, A., Fruhmann, P., 
Adam, G., Berthiller, F., Lemmens, M. and Schuhmacher, R., 2015. 
Tracing the metabolism of HT-2 toxin and T-2 toxin in barley by 
isotope-assisted untargeted screening and quantitative LC-HRMS 
anaysis. Analytical and Bioanalytical Chemistry 407: 8019-8033.

Miraglia, M., Marvin, H.J.P., Kleter, G.A., Battilani, P., Brera, C., Coni, 
E., Cubadda, F., Croci, L., De Santis, B., Dekkers, S., Filippi, L., 
Hutjes, R.W.A., Noordam, M.Y., Pisante, M., Piva, G., Prandini, 
A., Toti, L., Van den Born, G.J. and Vespermann, A., 2009. Climate 
change and food safety: an emerging issue with special focus on 
Europe. Food and Chemical Toxicology 47: 1009-1021.

Murillo-Williams, A. and Munkvold, G., 2008. Systemic infection 
by Fusarium verticillioides in maize plants grown under three 
temperature regimes. Plant Disease 92: 1695-1700.

http://www.ipcc.ch


� Fumonisins and their modified forms

World Mycotoxin Journal 9 (5)� 739

Nathanail, A.V., Syvähuoko, J., Malachová, A., Jestoi, M., Varga, E., 
Michlmayr, H., Adam, G., Sieviläinen, E., Berthiller, F. and Peltonen, 
K., 2015a. Simultaneous determination of major type A and B 
trichothecenes, zearalenone and certain modified metabolites in 
Finnish cereal grains with a novel liquid chromatography-tandem 
mass spectrometric method. Analytical and Bioanalytical Chemistry 
407: 4745-4755.

Nathanail, A.V., Varga, E., Meng-Reiterer, J., Bueschl, C., Michlmayr, 
H., Malachova, A., Fruhmann, P., Jestoi, M., Peltonen, K., Adam, G., 
Lemmens, M., Schuhmacher, R. and Berthiller, F., 2015b. Metabolism 
of the Fusarium mycotoxins T-2 toxin and HT-2 toxin in wheat. 
Journal of Agricultural and Food Chemistry 63: 7862-7872.

Park, J.W., Scott, P.M., Lau, B.P.-Y. and Lewis, D.A., 2004. Analysis of 
heat-processed corn foods for fumonisins and bound fumonisins. 
Food Additives and Contaminants 21: 1168-1178.

Picot, A., Hourcade-Marcolla, D., Barreau, C., Pinson-Gadais, L., 
Caron, D., Richard-Forget, F. and Lannou, C., 2012. Interactions 
between Fusarium verticillioides and Fusarium graminearum in 
maize ears and consequences for fungal development and mycotoxin 
accumulation. Plant Pathology 61: 140-151.

Pietri, A., Zanetti, M. and Bertuzzi, T., 2009. Distribution of aflatoxins 
and fumonisins in dry-milled maize fractions. Food Additives and 
Contaminants Part A 26: 372-380.

Pitt, J.I., Taniwaki, M.H. and Cole, M.B., 2013. Mycotoxin production 
in major crops as influenced by growing, harvesting, storage and 
processing, with emphasis on the achievement of food safety 
objectives. Food Control 32: 205-215.

Piva, G., Battilani, P. and Pietri, A., 2006. Emerging issues in Southern 
Europe: aflatoxins in Italy. In: Barug, D., Bhatnagar, D., Van Egmong, 
H.P., Van der Kamp, J.W., Van Osenbruggen, W.A. and Visconti, A. 
(eds.) The mycotoxin factbook. Wageningen Academic Publishers, 
Wageningen, the Netherlands, pp. 139-153.

Pleadin, J., Vulić, A., Perši, N., Škrivanko, M. and Cvetnić, Z., 2015. 
Annual and regional variations of aflatoxin B1 levels seen in grains 
and feed coming from Croatian dairy farms over a 5-year period. 
Food Control 47: 221-225.

Porter, J.H., Parry, M.L. and Carter, T.R., 1991. The potential effects 
of climatic change on agricultural insect pests. Agricultural and 
Forest Meteorology 57: 221-240.

Proctor, R.H., Brown, D.W., Plattner, R.D. and Desjardins, A.E., 2003. 
Co-expression of 15 contiguous genes delineates a fumonisin 
biosynthetic gene cluster in Gibberella moniliformis. Fungal Genetics 
and Biology 38: 237-249.

Reverberi, M., Fabbri, A.A. and Fanelli, C., 2012. Oxidative stress and 
oxylipins in plant-fungus interaction. Biocommunication of fungi. 
Springer Netherlands, Dordrecht, the Netherlands, pp. 273-290.

Riley, R.T., Torres, O., Matute, J., Gregory, S.G., Ashley-Koch, A.E., 
Showker, J.L., Mitchell, T., Voss, K.A., Maddox, J.R. and Gelineau-
van Waes, J.B., 2015. Evidence for fumonisin inhibition of ceramide 
synthase in humans consuming maize-based foods and living in 
high exposure communities in Guatemala. Molecular Nutrition 
and Food Research 59: 2209-2224.

Rychlik, M., Humpf, H.-U., Marko, D., Dänicke, S., Mally, A., Berthiller, 
F., Klaffke, H. and Lorenz, N., 2014. Proposal of a comprehensive 
definition of modified and other forms of mycotoxins including 
‘masked’ mycotoxins. Mycotoxin Research 30: 197-205.

Samapundo, S., Devlieghere, F., De Meulenaer, B., Geeraerd, A.H., 
Van Impe, J.F. and Debevere, J.M., 2005. Predictive modelling of the 
individual and combined effect of water activity and temperature 
on the radial growth of Fusarium verticilliodes and F. proliferatum 
on corn. International Journal of Food Microbiology 105: 35-52.

Sampietro, D.A., Vattuone, M.A., Presello, D.A., Fauguel, C.M. and 
Catalán, C.A.N., 2009. The pericarp and its surface wax layer in 
maize kernels as resistance factors to fumonisin accumulation by 
Fusarium verticillioides. Crop Protection 28: 196-200.

Scala, V., Camera, E., Ludovici, M., Dall’Asta, C., Cirlini, M., Giorni, 
P., Battilani, P., Bello, C., Fabbri, A.A., Fanelli, C. and Reverberi, 
M., 2013. Fusarium verticillioides and maize interaction in vitro: 
relationship between oxylipin cross-talk and fumonisin synthesis. 
World Mycotoxin Journal 6: 343-351.

Scala, V., Giorni, P., Cirlini, M., Ludovici, M., Visentin, I., Cardinale, 
F., Fabbri, A.A., Fanelli, C., Reverberi, M., Battilani, P., Galaverna, 
G. and Dall’Asta, C., 2014. LDS1-produced oxylipins are negative 
regulators of growth, conidiation and fumonisin synthesis in 
the fungal maize pathogen Fusarium verticillioides. Frontiers in 
Microbiology 5: 669.

Seefelder, W., Knecht, A. and Humpf, H.-U., 2003. Bound fumonisin 
B1: analysis of fumonisin-B1 glyco and amino acid conjugates by 
liquid chromatography-electrospray ionization-tandem mass 
spectrometry. Journal of Agricultural and Food Chemistry 51: 
5567-5573.

Tao, F. and Zhang, Z., 2011. Impacts of climate change as a function 
of global mean temperature: maize productivity and water use in 
China. Climatic Change 105: 409-432.

Vaughan, M.M., Huffaker, A., Schmelz, E.A., Dafoe, N.J., Christensen, 
S., Sims, J., Martins, V.F., Swerbilow, J., Romero, M., Alborn, H.T. 
and Allen, L.H., 2014. Teal PEA effects of elevated [CO2] on maize 
defence against mycotoxigenic Fusarium verticillioides. Plant, Cell 
and Environment 37: 2691-2706.

Visconti, A., 1996. Fumonisins in maize genotypes grown in various 
geographic areas. Advances in Experimental Medicine and Biology 
392: 193-204.

Yoshinari, T., Sakuda, S., Furihata, K., Furusawa, H., Ohnishi, T., 
Sugita-Konishi, Y., Ishizaki, N. and Terajima, J., 2014. Structural 
determination of a nivalenol glucoside and development of an 
analytical method for the simultaneous determination of nivalenol 
and deoxynivalenol, and their glucosides, in wheat. Journal of 
Agricultural and Food Chemistry 62: 1174-1180.

Voss, K.A., Riley, R.T., Moore, N.D. and Burns, T.D., 2013. Alkaline 
cooking (nixtamalisation) and the reduction in the in vivo toxicity 
of fumonisin-contaminated corn in a rat feeding bioassay. Food 
Additives and Contaminants Part A 30: 1415-1421.

Walther, T.C. and Farese, R.V., 2012. Lipid droplets and cellular lipid 
metabolism. Annual Review of Biochemistry 81: 687-714.

Wu, F., Bhatnagar, D., Bui-Klimke, T., Carbone, I., Hellmich, R., 
Munkvold, G., Paul, P. and Takle, E., 2011. Climate change impacts 
on mycotoxin risks in US maize. World Mycotoxin Journal 4: 79-93.




