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Abstract: Lipid molecules are increasingly recognized as signals exchanged by organisms
interacting in pathogenic and/or symbiotic ways. Some classes of lipids actively determine
the fate of the interactions. Host cuticle/cell wall/membrane components such as sphingolipids
and oxylipins may contribute to determining the fate of host—pathogen interactions. In the
present field study, we considered the relationship between specific sphingolipids and
oxylipins of different hybrids of Zea mays and fumonisin by F. verticillioides, sampling ears
at different growth stages from early dough to fully ripe. The amount of total and free
fumonisin differed significantly between hybrids and increased significantly with maize
ripening. Oxylipins and phytoceramides changed significantly within the hybrids and
decreased with kernel maturation, starting from physiological maturity. Although the
correlation between fumonisin accumulation and plant lipid profile is certain, the data
collected so far cannot define a cause-effect relationship but open up new perspectives.
Therefore, the question—“Does fumonisin alter plant lipidome or does plant lipidome
modulate fumonisin accumulation?”—is still open.
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1. Introduction

Maize is a globally-cultivated crop destined to food and feed production. However, maize is also
highly prone to fungal contamination and specifically to mycotoxigenic fungi [1]. Among the fungal
pathogens that infect maize, Fusarium verticillioides Sacc. (Nirenberg) is frequently the dominant
toxigenic fungus found in temperate areas. In addition to causing seedling blight, root rot, stalk rot,
kernel rot, or ear rot during maize colonisation, F. verticillioides produce fumonisins, toxic secondary
metabolites causing a large variety of toxicological effects on animals and humans. Fumonisins are able
to disrupt sphingoid based metabolism, and are suspected of inducing nervous system diseases in animals
and humans [2,3]. Fumonisin B1 (FB1) has been included in the class 2B by the International Agency for
Research on Cancer, because of its possible carcinogenic effect in humans [3]. In 2007, the European
Commission defined thresholds for FB1 + FB2 content in raw maize and its derived products intended
for human consumption (EU Commission Regulation No. 1126/2007). Recommendations have also
been defined for animal feeding with differences between species (EU Commission Recommendation
No. 576/2006) to prevent animal diseases like equine leukoencephalomalacia or acute pulmonary
oedema in swine. Among the fumonisins synthesized by F. verticillioides, FB1, FB2 and recently FB3
are reported as the dominant ones in maize [4,5]; the presence of modified forms of B series fumonisins
in raw maize, not detected by analytical methods commonly applied, was also reported [6,7].

Several studies explored the factors affecting mycotoxin synthesis and notably fumonisins. Recent
studies have shown that the chemical composition of maize kernels can influence fumonisin content [8-10];
i.e., the composition of total fatty acids related closely to fumonisin accumulation in maize under field
conditions. Notably, maize hybrids with high linoleic content displayed higher fumonisin contamination [8].
In general, lipid molecules are gaining momentum as crucial signals able to determine the fate of the
interaction between cereals and mycotoxin-producing fungi [8-11]. In the plant cell, a particular class
of lipid molecules, the sphingolipids (SL), are present in the cell membranes of all eukaryotes and play
an important role during the interactions with the fungal pathogens [12]; ceramide (Cer), sphingosine
(Sph), and sphingosine-1-phosphate (S1P) are part of this complex family of compounds. SL mediate
different processes and a sharp modulation between Cer and S1P was highlighted. Notably, as the
amount of Sph increases, the cell can initiate apoptosis or programmed cell death [13,14], whereas
increases in S1P promote cell survival and proliferation [15]. In plants, SL concur to form the first line
of defense against abiotic and biotic stresses. In particular, SL pre-cursors, i.e., long chain bases (LCB),
increase upon pathogen infection [16]. Further, they are potentially cytotoxic for pathogenic microorganisms.
As reported [17], fumonisins are potent inhibitors of ceramide synthases, the enzyme involved in
sphingolipids synthesis either de novo or through salvage pathway. Persistent fumonisin inhibition of
Cer biosynthesis resulted in the production of toxic free sphingoid bases, increases in sphingoid base
1-phosphates, depletion of critical membrane glycosphingolipids, and altered phospholipid signaling
pathways in animals and in maize cells and seedlings [18,19].
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Dall’Asta et al. 2015 [9] demonstrated by an untargeted lipidomic approach that four lipid entities
might differentiate Zea mays hybrids highly contaminated with fumonisins (HFb) by the low-contaminated
ones (LFb). In this paper, we have tested the reliability of these markers by planning an open field
experiment on a subset of HFb hybrids. Notably, we considered the relationship between specific
sphingolipids and fumonisin by F. verticillioides, sampling ears of different hybrids of Zea mays from
early dough to fully ripe in open field.

2. Results
2.1. Incidence of Fungal Species, F. verticillioides and Fumonisin Production

Fungi were detected in all growth stages of kernel sampling, with an increasing trend towards harvest
time. Contamination by Aspergillus spp. was found to be very limited (3% as mean of all samples) and
Penicillium spp. was detected only sporadically, mainly at harvest (Table 1).

Nevertheless, Aspergillus infection was limited. In some samples where it was present, no Fusarium
strain was isolated (data not shown).

Table 1. Results of the analysis of variance (ANOVA) and Tuckey test. The factors
considered were: hybrid and growth stage (GS) (see Methods Section) and the variables were
the incidence of kernels infected by fungi (Fungi), Aspergillus spp. (Al) and Fusarium spp.
(FI), Free (FFB) and total (HFB) fumonisins B (B1 + B2 + B3) and oxylipins and ceramides
detected in maize samples: 9-HODE, 13-HODE, N-(2'-hydroxylignoceroyl)-phytosphingosine
(HLP), N-lignoceroyl-phytosphingosine (LP).

Factors Fungi Al Fl FFB TFB 9-HODE 13-HODE HLP PHY-CER NOH
Hybrid n.s. n.s. n.s. *x * *x * xx xx *x

H17 47.0 4.7 24.9 4109.2° 4682.8 ° 7.4%® 10.9 2.3%® 2.7%® 2.3°b

H18 431 2.7 12.9 930.32 531.82 10.9° 11.3 290 3.1° 2.8°

H19 40.6 1.6 16.3 588.8 2 41112 6.42 8.6 192 172 132

H20 55.6 3.4 24.1 19432  2709.3 % 8.3 9.0 2.8° 182 162
Sampling Time *x n.s. * *x ** n.s. ** ** ** *x

1 16.22 7.9 742 0.0° 0.0° 7.4 12.7° 2.8° 2.8° 29°b

2 33.9%® 06 1282 481.42 571.8° 9.7 9.8 2.8° 3.0° 2.4°

3 50.2 ° 39 1642 1690.6 © 1734.7° 9.5 952 2.2 2.4° 162

4 85.9°¢ 00 416° 5399.4 ¢ 6028.6 6.4 7.8°2 192 112 112

n.s.: not significant; * p < 0.05; ** p < 0.01. #>¢% different letters indicate significant differences among values.

The incidence of kernels infected by Fusarium spp. significantly increased during the four growth
stages (p < 0.001; Table 1). Notably, at GS4, hybrid 17 was found to be by far the most contaminated
and hybrid 18 the least contaminated by Fusarium spp. (Mann Whitney Test; p < 0.01) (Figure 1).

The amount of F. verticillioides DNA was measured at the fully ripe stage (GS4) by gPCR assay.
A lower amount of F. verticillioides DNA was found in hybrids 18 and 19 compared to hybrid 17
(p < 0.05) and hybrid 20 (p < 0.001; Figure 2), in agreement with incidence data (Figure 1).
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Figure 1. Fusarium spp. incidence (%) in naturally contaminated maize kernels from four
commercial hybrids (17-20) harvested at four different growth stages: at early dough
maturity (GS1), dough stage (GS2), physiological maturity (GS3) and fully ripe (GS4) in
three locations in Italy. Results represent the mean of n = 9 incidence values deriving from
the three different locations (biological replicates) in three technical replicates +SE.
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Figure 2. Abundance of fungal DNA (ng fungal DNA/ug total DNA) as a measure Of
F. verticillioides colonization of maize ears at fully ripe stage (GS4) from four commercial
hybrids (17-20) cultivated in three locations in Italy. Results represent the mean of n = 6
DNA amount values deriving from the three different locations (biological replicates) in
two technical replicates =SE.

The total amount of fumonisin, in free and modified forms, differed significantly between hybrids
and increased significantly with maize ripening. The lowest contamination was detected in hybrid 18
and 19, while hybrid 17 was the most contaminated both considering free and total fumonisins. It can be
pinpointed that, as well as for fungal incidence, fumonisins, (a) free; and (b) total forms, increased in
almost all the hybrids during the growth stages (Table 1; Figure 3a,b). The interaction between the hybrid
and growth stage was not found to be significant for both fungi and fumonisin (data not shown).
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Figure 3. (a) Free; and (b) Hidden fumonisins (FB = FB1 + 2 + 3) content (ppb) in four
maize hybrids, cultivated in three different localities and harvested at four different growth
stages (GS1-4). Results represent the mean of n = 9 FB amount values deriving from the
three different locations (biological replicates) in three technical replicates £SE.

2.2. Lipid Profile of Maize Challenged with F. verticillioides at the Field Level

In relation to findings of [9], we focused our attention on the presence of specific fatty acid
derivatives such as 9- and 13-HydroxyOctaDecEnoic acids (HODE), and phytoceramides such as
lignoceric phytosphingosine (Cer(t18:0/24:0)) (LP) and hydroxyl-lignoceric phytosphingosine
(Cer(t18:0/24:0(20H))) (HLP) in the four commercial hybrids of maize naturally infected by
F. verticillioides. 9-HODE and phytoceramides were significantly affected by hybrids, with hybrid
19 having always the lowest and hybrid 18 always the highest content. Fatty acid derivatives and
phytoceramides decreased during kernel maturation. Specifically, the decrease started from the physiological
maturity stage in hybrid 18 and hybrid 20, whilst it started from the fully ripe stage in hybrid 17 and
hybrid 19 (Figure 4a—d), whereas 9-HODE was found to be unaffected by the growth stage (Table 2).
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Figure 4. (a—d) N-(2"-hydroxylignoceroyl)-phytosphingosine (HLP), N-lignoceroyl-phytosphingosine
(LP), 9- and 13-HODE, expressed as percentage on the maximum amount detected in each
growing location, in hybrid 17 (a); hybrid 18 (b); hybrid 19 (c) and hybrid 20 (d) harvested
at different growth stages: early dough maturity (GS1), dough stage (GS2), physiological
maturity (GS3) and fully ripe (GS4). Results represent the mean of n = 9 values deriving
from the three different locations (biological replicates) in three technical replicates +SE.
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The Pearson correlation was applied as a measure of the correlation between variables: oxylipins and
ceramides detected in maize samples: 9-HODE, 13-HODE, HLP, LP, free (FFB) and total (TFB)
fumonisins and the percentage of Fusarium infection in maize ears (FI). Pearson coefficients calculated
from the whole dataset (“All Hybrids” = 48 observations) are shown in Table 2. The production of
fumonisins (free forms), as well as fungal contamination, are negatively correlated with 13-HODE,
HLP, LP biosynthesis.
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Table 2. Pearson correlation coefficients amongst the variables in four hybrids of maize
cultivated in three different Italian locations calculated on 48 observations. The variables
considered are growth stage (GS) (see Methods Section), oxylipins and ceramides detected
in maize samples: 9-HODE, 13-HODE, N-(2'-hydroxylignoceroyl)-phytosphingosine
(HLP), N-lignoceroyl-phytosphingosine (LP), free (FFB) and Total (TFB) fumonisins B
(B1 + B2 + B3) and the percentage of Fusarium infection on maize ears (Fl).

Variable 13-HODE HLP LP FFB TFB FI
9-HODE 0.371°¢ 0.482°¢ 0.205 2 -0.095 -0.082  —0.130
13-HODE 0.683°¢ 0.715¢  -0.208*  -0.107 —0.381°
HLP 0.805°  -0.221%  —0.185 —0.413°
LP -0.226%  -0.179 —0.416°¢
TFB 0.976°¢  0.491°¢
HFB 0.309°

3 p <0.05; % p<0.01; ¢ p <0.001.
3. Discussion

Metabolite profiling under field conditions is becoming increasingly popular. Several biotic and
abiotic stresses affect plant metabolomes, which is rapidly becoming a central topic in
metabolite-profiling experiments in the field [20]. The environment may buffer different stresses [21,22]
and, in relation to this, the alteration of the plant metabolic profile under field conditions is more
suggestive of its modification occurring under ex vivo conditions, e.g., in phytochambers [23].
Dall’Asta et al. [9] indicated, by a lipidomic approach applied in an open field study, that some
phytoceramides distinguish maize hybrids conducive for fumonisin synthesis from non-conducive ones.
Thus, in the present study, we planned open field experiments in three areas of Northern Italy,
for evaluating the trend of these lipid markers in four different hybrids and the correlation with
fumonisin accumulation.

As expected, almost all the lipid markers varied significantly between hybrids. In particular, in hybrid
19, the lowest amount was always detected, and, as such, so was the lowest fumonisin contamination.
Besides, FFB were significantly and negatively correlated to 13-HODE, HLP and LP. This confirms the
correlation of lipid derivatives’ content, including phytoceramides, in maize hybrids and fumonisin
production. The few field studies, therefore, highlighted the role of plants in the regulation of fumonisin
production under natural field conditions.

Fumonisins are inhibitor of ceramide synthases, enzymes which, starting from sphingosine, sphinganine
and fatty acids, produce ceramides and, in plant, phytoceramides [24]. The inhibition of ceramide
synthase alter the sphingolipid metabolism that, in turn, could trigger apoptosis, as demonstrated
in mammalian [25].

Novel insights, deriving from genetic and biochemical studies, indicate that free sphingosines,
as well as ceramides and their respective phosphorylated forms, play a critical role in the regulation of
plant defence [15].

In mammals, bacterial and viral pathogens target predominantly structural and signalling lipids to
alter the cellular phenotype of the host cell. On the contrary, fungal pathogens have complex lipidomes
themselves and target predominantly the release of polyunsaturated fatty acids from the host cell
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lipidome. Authors reported that “eukaryotic pathogens focus on interference with lipid metabolites
affecting systemic inflammatory reactions that are part of the host immune system” [26].

Desjardins et al. [27] correlated fumonisin-induced diseases in animals with the biochemical
consequences of ceramide synthase inhibition. Over recent years, Proctor’s group indicated that fumonisin
production by F. verticillioides is required for developing full symptoms of foliar disease in maize
seedlings [19]. Moreover, these authors suggested, “the overall incidence and severity of seedling
disease development are likely dependent on both maize genotype and the amount of fumonisin
produced by F. verticillioides strains”. According to Williams et al. [2], fumonisins cause an important
cascade of events leading to altered cell growth, differentiation, and cell injury. These events occurred
in vitro as well as in vivo. Therefore, these authors propose that a prolonged exposure of maize plant to
fumonisins resulted in a change of expression or relative activity of the enzymes responsible for
metabolizing free sphingoid bases. Sanchez-Rangel et al. [28] further confirm the involvement of
fumonisin production in fungal virulence showing that F. verticillioides and exogenously added FB1
down-modulate maize B-1,3-glucanases (PR2-like proteins). In Arabidopsis, FB1 might trigger plant
defense hallmarks such as ROS production, phenolics and callose deposition, biosynthesis of phytoalexins,
plus the expression of PR proteins and the activation of the jasmonate/ethylene and SA-dependent
signaling pathways also related to PCD (Programmed Cell Death) onset [15]. Berkey et al. [15] propose
that the sphinganine-like toxins, such as FB1, may induce PCD in plant by inhibiting acyl-CoA-dependent
ceramide synthases. The production of fumonisins may result as part of a strategy exploited during the
necrotrophic phase of F. verticillioides and suggests a close relation between sphingolipid metabolism
and plant PCD. Regarding this, F. verticillioides could foster mycotoxin accumulation in maize,
profoundly altering the sphingolipid metabolism.

Starting from these evidences, we used field studies for verifying at real scale the correlation between
the fumonisins’ biosynthesis by F. verticilllioides and the synthesis of some phytoceramides during its
interaction with the host. Our data show a negative correlation between lignoceric acid sphingosine and
its hydroxylated forms, and the amount of fumonisin and fungal infection. These results are confirmed
in three different growing locations, which provides consistency to the output.

The observed decrease in these ceramides could cause an increase in their related phytosphingosine
moiety (t18:0). Several studies report that a rapid accumulation of endogenous dihydrosphingosine
(d18:0) and t18:0 occurs within hours after FB1 treatment. This increase in d/t18:0 was correlated with
PCD onset in plants as well as in animals [15].

In our study, we may hypothesise that in the hybrids conducive to fumonisins, the ceramide synthases
are affected and a decrease in the amount of two specific phytoceramides occurs. This event could lead
to an increase in t18:0 which, in turn, favours fungal growth inducing PCD, as stated by other
authors [15]. We also confirm a close relationship between the whole lipid profile of maize kernels
and fumonisin accumulation [8,9]. In relation to this, we also proved in this study that 13-HODE,
a LOX-oxylipin, decreases significantly during the growing season, i.e. with the increase of fungal
infection and fumonisin production. Thus, the ability of this pathogen to grow on maize ears is probably
related with the reduction of this defense oxylipin.

Although fumonisin accumulation and the plant lipid profile are correlated, the data collected so far
cannot define a cause—effect relationship. Therefore, the question—“Does fumonisin alter the plant
lipidome or does the plant lipidome modulate fumonisin accumulation?”—is still open.
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In conclusion, our data shows that, as suggested by Glenn et al., [19], both maize genotype and fumonisin
play a role in the disease, but the role of genotype seems to be more important under field conditions.

4. Materials and Methods
4.1. Maize Sample Collection

Samples from four commercial hybrids were collected during the growing season in diverse locations
of Northern Italy: Cremona, Pordenone and Torino. Sampling was carried out every two weeks,
from maize early dough stage up to harvest time, therefore four times per field (growth stages 1-4; GS)
indicatively, following the BBCH-identification keys of maize, corresponding to BBCH83 early dough
(GS1), BBCHB85 dough (GS2), BBCH87 physiological maturity (GS3), BBCH 89 fully ripe (GS4) [29,30].

Hybrids belong to different FAO classes: FAO 500 (one hybrid) and FAO 600 (three hybrids).
The hybrid names were not reported because only a limited number of hybrids were considered and
because the aim was to find out relevant factors not related to a specific hybrid, but of more general
value, having in mind the short commercial life of hybrids. The used hybrids, commercially available in
Italy, were reported with increasing numbers from hybrid 17 to 20 according to sample codification used
in previous studies [8,9]. Ten ears were collected from three different rows chosen longitudinally along
the field area; 30 ears were sampled for each hybrid. After husk elimination, ears were shelled and
kernels of each sample were shared in two sub-samples of about 1 kg used for mycological and
chemical-molecular analysis, respectively. Samples destined to chemical and molecular analysis were
stored at —20 <C while the others were immediately processed.

4.2. Incidence of Infected Kernels

Fifty kernels were randomly selected from each sample and surface disinfected in 1% sodium
hypochlorite solution for 2 min and then in 90% ethyl alcohol solution for 2 min. Kernels were rinsed
with sterile distilled water and dried under a sterile hood. Grain kernels were plated on Petri dishes
(9@ 9 cm) containing Potato Dextrose Agar (PDA, Oxoid Ltd., Basingstoke, Hampshire, UK) added with
0.1% streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 25 <C for 7 days witha 12 h
light photoperiod. After incubation, kernels showing mould development were counted. The identification
of growing colonies at genus level was done for Fusarium, Aspergillus and Penicillium [31-33].
Data obtained were used to calculate the incidence of fungi and of the above-mentioned genera on
plated kernels.

4.3. Fungal Growth by gPCR

In order to monitor fungal growth in maize cobs, a specific SYBR green gPCR method was set by
using FUM1 primers [10]. Real-time PCR was prepared in a 20 uL reaction mixture as described in [10].

4.4. Chemicals

Authentic oxylipins 9-hydroxy-10E,12Z-octadecadienoic acid (9-HODEd4, MW 300.5) and
13-hydroxy-9Z,11E-octadecadienoic acid (13-HODEd4, MW 300.5) were purchased from Cayman Chemicals
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(Ann Arbor, MI, USA) whereas authentic sphingolipids, N-(2'-hydroxylignoceroyl)-phytosphingosine
(Cer (t18:0/24:0(20H), MW 683.6)) and N-lignoceroyl-phytosphingosine (Cer (t18:0/24:0), MW 667.6))
and N-palmitoyl-d31-D-erythro-sphingosine (C16-D31 Ceramide, MW 568.7) were purchased from
Avanti polar lipids, Inc. (Alabaster, AL, USA).

4.5. Lipid Analysis

Lipid extraction and chromatography conditions were selected according to [10]. Deuterated compounds,
such as 9-HODE d4, 13-HODE d4, and C16-d31 ceramide were used as the internal standards (ISTD).
The amount of each ISTD added to the matrix before the extraction was 400 pmol, which corresponded
to the final concentration of 2 UM when the dried extracts were dissolved in the final volume of 200 i
of MeOH. The analysis of lipid extracts was performed according to the previously reported method [10].
Briefly, lipid extracts were analyzed by rapid resolution reversed phase HPLC (RR-RP-HPLC) coupled
with a triple quadrupole (QQQ) mass spectrometer (G6410A series triple quadrupole, QgQ, Agilent
Technologies, Santa Clara, CA, USA) following ESI ionization as reported in [9] with slight modifications.
In particular, negative and positive detection modes were selected for oxylipins and sphingolipids,
respectively. In the first time segment, 0—3 min oxylipins were acquired in ESI negative ion mode,
3-38 min phytoceramides were acquired in ESI positive ion mode. Switch of polarity to positive ion
mode to detect sphingolipids was set at 3 min. To acquire oxylipins and sphingolipids dynamic, multiple
reaction monitoring (dMRM) experiments were performed [34]. The MRM transitions (Table 3), acquired
by injecting authentic standards, were in agreement with the literature [33]. Relative abundance of each
oxylipin (9 and 13-HODE), phytoceramide (N-(2'-hydroxylignoceroyl)-phytosphingosine (HLP) and
N-lignoceroyl-phytosphingosine (LP)) was expressed as the ratio between the compound and the ISTD
transition. MRM data were processed using Mass Hunter Quantitative software (B.03.02 version,
Agilent Technologies, Santa Clara, CA, USA).

Table 3. Mass transitions, collision energy (CE), fragmentor energy and retention times of
the lipid entities analyzed.

Species Precursor/Product lon m/z CE (eV) Fragmentor (V) RT (min)
9-HODE d4 (ISTD) 299.2->172.2 —20 —-140 1.22
9-HODE 295.2->171.2 -20 -140 1.22
13-HODE d4 (ISTD) 299.2->198.2 —20 —-140 1.23
13-HODE 295.2—>195.2 -20 -140 1.23
C16-D31 Ceramide (ISTD) 568.6—>264.2 +30 +140 15.8
Cer (t18:0/24:0(20H)) 684.6->282.2 +34 +140 17.95
Cer (118:0/24:0) 668.6—>282.2 +34 +140 18.35

4.6. Free and Total Fumonisins

Free and total fumonisins were determined according to our previous works [6-9]; each of these
papers add an additional step to the full method we used for this work. Fumonisins obtained after sample
hydrolysis were measured as the sum of hydrolyzed FB1, FB2, and FBs. All of the results are expressed
as the sum of FBi1, FB2, and FBs equivalents, considering a correction factor due to the different
molecular weights of parent and hydrolyzed compounds, and referred to as “total fumonisins” (FBiot).
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4.7. Statistics

The analysis of variance (ANOVA) was applied to define the role of hybrids and their growth stage
on all the parameters considered using growing locations (n = 3) as replicates; means were compared
using the Tukey test. Fumonisin and lipid compounds data were rated according to the maximum amount
detected per growing area and arcsen transformed before statistical analysis.

Two-paired comparisons were performed by Mann-Whitney Test and relative significance (p)
calculated accordingly. The relationships between some variables were also tested for linearity
calculating the relevant Pearson (p) correlation coefficients.

Data analysis was managed with PASW statistics 21 (ver. 21, SPSS Inc., Chicago, IL, USA, 2012).
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HLP N-(2'-hydroxylignoceroyl)-phytosphingosine
LP N-lignoceroyl-phytosphingosine
gPCR quantitative PCR
ROS reactive oxygen species
Sph sphingosine
S1P sphingosine-1-phosphate
FBiot total fumonisins

QqQ triple quadrupole mass spectrometer
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