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Abstract: Aflatoxin contamination is associated with the development of aflatoxigenic fungi such as
Aspergillus flavus and A. parasiticus on food grains. This study was aimed at investigating metabolites
produced during fungal development on maize and their correlation with aflatoxin levels. Maize
cobs were harvested at R3 (milk), R4 (dough), and R5 (dent) stages of maturity. Individual kernels
were inoculated in petri dishes with four doses of fungal spores. Fungal colonisation, metabolite
profile, and aflatoxin levels were examined. Grain colonisation decreased with kernel maturity: milk-,
dough-, and dent-stage kernels by approximately 100%, 60%, and 30% respectively. Aflatoxin levels
increased with dose at dough and dent stages. Polar metabolites including alanine, proline, serine,
valine, inositol, iso-leucine, sucrose, fructose, trehalose, turanose, mannitol, glycerol, arabitol, inositol,
myo-inositol, and some intermediates of the tricarboxylic acid cycle (TCA—also known as citric acid
or Krebs cycle) were important for dose classification. Important non-polar metabolites included
arachidic, palmitic, stearic, 3,4-xylylic, and margaric acids. Aflatoxin levels correlated with levels
of several polar metabolites. The strongest positive and negative correlations were with arabitol
(R = 0.48) and turanose and (R = —0.53), respectively. Several metabolites were interconnected
with the TCA; interconnections of the metabolites with the TCA cycle varied depending upon the
grain maturity.

Keywords: aflatoxin; Aspergillus parasiticus; metabolomics; metabolite; Zea mays

Key Contribution: This paper putatively identifies the metabolites linked to aflatoxin levels in maize
grains infected with Aspergillus parasiticus. Many metabolites are part of the tricarboxylic acid cycle.

1. Introduction

Aspergillus flavus and A. parasiticus are major aflatoxin-producing Aspergilli that contaminate
many agricultural products including maize, groundnuts, sesame, and sunflower [1-3], rendering
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them unsafe at elevated aflatoxin levels. High levels of aflatoxin exposure are associated with hepatic
dysfunction, teratogenic defects, and immune suppression [4,5]. In children, stunting and reduced
cognitive ability are linked with high levels of aflatoxin ingestion [6-8] although a direct relationship is
not established. Aflatoxin accumulation occurs with organic (rather than inorganic) sources of carbon
and nitrogen, with a preference for simple sugars, acidic conditions, and species-specific utilisation of
amino acids [9-11], such as are present in food grains like maize (Zea mays). The same strains of A. flavus
have been reported to produce disparate amounts of aflatoxins when on different substrates [12],
suggesting differences in metabolic processes. Therefore, understanding the metabolic processes
that affect the levels of aflatoxin accumulation is beneficial. There are suggestions that secondary
and primary metabolism may be linked much more than previously thought. There is an associated
metabolism of amino acids and ethanol (related to primary metabolism) in aflatoxigenic A. parasiticus
during aflatoxin biosynthesis (related to secondary metabolism) [13]. Reports of metabolic changes in
the maize crop with other pathogens [14,15] as well as in other plant-host relationships [16-18] have
also been reported.

In recent years, metabolite studies have been conducted in maize plants exposed to abiotic stresses
to provide information on affected cellular processes [19,20]. Metabolite variability is recorded in
uncontaminated maize, with up to 75 metabolites differentially produced in 14 maize genotypes.
Variations across genotypes decreased in the order lipids > amino acids > carbohydrates [21]. Abiotic
stress factors are associated with differential metabolite concentrations in the shoots and roots of maize.
Salt stress is associated with elevated levels of alanine and sucrose, but a decrease in glucose [20].
Alterations to the metabolite profile in the leaves of maize plants have also been observed with heat
and drought stresses to the maize crop, with stressed plants exhibiting high sugar and amino acid
levels [22]. Biotic stresses occur during crop infection and are also important for changes within the
crop matrices. In crop-pathogen interactions, fungal metabolic pathways have been investigated using
gene knock-out techniques [13,23,24].

Using comparative metabolomics studies, mutant strains have been compared with their wild
type to understand the gene function via observation of the differential metabolite production. This has
provided insight into the gene functions and the specific biochemical pathways in the studied
environment. In a study of the global secondary metabolism in A. parasiticus, velvet (veA) gene
mutation was identified to cause disruptions in branch-chained amino acids such as leucine, isoleucine,
and valine [13]. In another gene knock-out experiment in A. flavus, probable polyketide synthase27
(pks27) was identified as responsible for encoding a gene with homology to the aflatoxin cluster
polyketide synthase, and important metabolites were related to building blocks for malonyl-coA [23].
Furthermore, when the pathways of the LaeA-regulated clusters (Ina and Inb) were investigated,
a reduction in L-tyrosine was found to be differential [24]. The LaeA-regulated cluster (Ina and
Inb) genes were also found to be important for sclerotia formation in the A. flavus. These studies
of metabolites continue to be valuable. Metabolites provide diverse yet interrelated information
for cellular functions. Primary and secondary metabolites can, therefore, provide a means to
understanding and deciphering cellular processes. These processes may involve genetic function,
protein function, as well as regulatory and signalling processes in the cell [13,14,25].

Metabolomics typically utilize chromatography and mass spectrometry platforms to perform
targeted and/or non-targeted analyses. Metabolomic profiling offers an opportunity to gain
understanding of metabolite changes caused by aflatoxigenic fungi infection, as it is at present unclear
how metabolites differ in maize grains contaminated with aflatoxigenic fungi. In this paper, we report
metabolite profile differences in maturing maize grains (at R3 (milk), R4 (dough), and R5 (dent)
reproductive stages) inoculated with different doses of an aflatoxigenic fungus using untargeted
metabolomics as well as targeted assessment of aflatoxin levels. This was done because contamination
of maize kernels has been reported from the milk stage of kernel development [26,27]. The maize
grains were from plants grown in a glasshouse.
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2. Results

2.1. Crop Development

Maize plants grown in the glasshouse were taller and thinner than field grown crops of the
same variety (stem girth was about 2 cm stem diameter and plant height was >3 m high). The taller
and thinner appearance was plausibly due to the limitation in solar intensity reported to affect plant
height [28]. At the vegetative stage, seed emergence and crop development up to the V1 stage (at sign
of first visible leaf collar) of development was satisfactory. However, at the V2 stage (at sign of second
visible leaf collar), signs of copper deficiency were observed. This was attributed to the high organic
content of the potting mix [29]. Therefore, the potting mix was slightly leached and two percent (2%)
copper sulphate was applied as foliar fertilizer ad libitum. The crop recovered within a week and
development was good for the duration of the plants vegetative and reproductive stages of growth.
Crop development at the reproductive stages were satisfactory with R1 (silk), R2 (blister), milk (R3),
dough (R4), and dent (R5) stages of crop development reached at 68, 76, 90, 97, and 105 days after
planting (DAP), respectively. Stages were identified based on endosperm consistency, milk line position
(arrows in milk and dough stage kernels), and signs of starch accumulation in the kernels (arrow in
dent stage kernels) (Figure 1). Grain filling was ideal.
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Figure 1. Maize cobs at milk, dough, and dent stages of reproductive development.

2.2. Grain Colonisation with Fungal Spores

The control, low, medium, and high doses of fungal suspensions had visual differences in
suspension turbidity (not shown). However, at the end of the colonisation period within each grain
maturity stage, there were not visually observable differences of fungal dose, except for the control
samples. The colonisation score for the control samples at all stages of maturity was 0 (0%). However,
across the grain maturity stages, the differences in extent of grain colonisation were observed at the end
of the 72-h incubation period. Kernels from the milk, dough, and dent stages had grain colonisation
scores of 3 (100%), 2 (60%), and 1 (30%), respectively (Figure 2). Colonisation appeared to have
commenced from the germ and progressed upward towards the upper part of the kernel. This was
particularly noticeable in the pericarp of the dough stage kernels and the endosperm and pericarp of
the dent stage kernels. However, the milk stage kernels were almost entirely covered by the fungal
spores (Figure 2). The easily metabolisable simple molecules in the milk stage kernels and the less
developed pericarp may have been responsible for the 100% colonisation of the kernels. The dent
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stage kernels on the other hand had the least proportion of the simple molecules, particularly in the
endosperm. Colonisation pattern also agreed with this, as the starch portion accumulated towards the
top of the kernel was the least colonised by the fungus (Figure 2).
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Figure 2. Grain colonisation (a) milk, (b) dough, and (c) dent kernels (i) control and (ii) inoculated.

2.3. Aflatoxin Levels

After the 72-h incubation period, aflatoxin levels (log AFT) ranged from 0.0 to 5.0. The fungi
had progressed well in their metabolism and reached their active stage of aflatoxin production [30,31].
The range of absolute levels (log Absol) in all the kernels was from 0.0 to 4.3. Aflatoxins were detected in
all the low, medium, and high dosed maize kernels (Tables 1 and 2). There were no aflatoxins detected
(less than LOD) in any of the control samples (Table 1). The inoculated samples had statistically higher
aflatoxin levels (p < 0.05) than the control samples. This was true for both log AFT and log Absol
(Tables 1 and 2).

Table 1. Log aflatoxin concentrations in kernels within each of the grain maturity stages.

Log AFT in Grains 4+ SD *

Dose Milk Dough Dent
Control 0.00 +0.00 2 0.00 +0.00 2 0.00 +0.00

Low 3.88+0.34P 3.96 +0.44° 3.67 +£045P
Medium 3.73+0.59 b 431+034%)  401+£033°

High 378+ 021%  4444038%/  412+027¢

* Different superscripted letters (a, b, ¢) in the same column represent aflatoxin concentrations that are statistically
different from one another. Log AFT values with [ indicate values that are statistical differences (p < 0.05) within
the same row (dose). AFT = total aflatoxin concentrations; SD = standard deviation.

The inoculated samples had statistically higher aflatoxin levels (p < 0.05) than the control samples
(Table 1). The range of log AFT in all the kernels was from less than 0.0 to 4.4. Within the milk stage,
log AFT and log Absol in the low, medium, and high doses were not significantly different from one
another (p > 0.05). (Tables 1 and 2). However, within the dough and dent stage kernels, aflatoxins
levels at the medium and high doses were statistically higher (p < 0.05) than those at the low dose
(Tables 1 and 2).

At low fungal dose, the aflatoxin levels were similar regardless of the stage of maturity
(Tables 1 and 2). At medium and high fungal doses, only the dough stage had statistically higher



Toxins 2018, 10, 187 5o0f 22

aflatoxin concentrations than the milk and dent stages, but absolute aflatoxin levels were higher at
dough and dent stage than at milk (Table 2). The germ is more mature at the dough and dent stages
and this perhaps explains the higher levels compared to the milk stage kernels.

Table 2. Log absolute aflatoxin levels in kernels within each of the grain maturity stages.

Log Absol in Grains + SD *

Dose Milk Dough Dent
Control 0.00 +0.002 0.00 + 0.002 0.00 £ 0.002
Low 289 +0.34b 3.08 +041b 299 +045b

Medium 2.73 4+ 0.59 bJ 3.33+0.35¢ 3.324+033¢
High 2.78 40210/ 3.50 £0.40°¢ 342 +027°¢

* Different superscripted letters (a, b, ¢) in the same column represent aflatoxin concentrations that are statistically
different from one another. Log absolute aflatoxin levels (Log Absol) values with [ indicate values that are statistical
differences (p < 0.05) within the same row (dose). SD = standard deviation.

2.4. Polar Metabolites Identification

2.4.1. Stepwise Discriminant Analysis

Stepwise discriminant analysis (SDA) identified 27/141 metabolites as important for fungal
dosage classification with above 70% accuracy (Table 3). From the 27 polar metabolites, 15 (56%) could
be putatively identified using the 70% similarity match in the NIST MS library as indicated in the
methods section, two metabolites (turanose and trehalose) had a 50% similarity match, while others
were classified as unidentified. The major classes of the compounds identified were amino acids,
sugars, and sugar alcohols. Specifically, these compounds were putatively identified as phosphoric
acid, alanine, proline, serine, malate, gamma-aminobutyric acid (GABA), arabitol/xylitol, inositol,
glyceryl-glycoside. Four compounds were identified generally as sugars (based on the large numbers
of identification hits for sugars) (Table 4). The highest classification accuracy/least error was with the
high dose (96%/0.04) while the lowest classification accuracy /highest error was with the control dose
(73%/0.27) (Table 3).

Table 3. Dose stage classification accuracy and error from stepwise discriminant analysis.

Percentage Classified into Dose Group

From Dose Control Low Medium High Error Counts for Dose
Control 73% 16% 2% 9% 0.27
Low 7% 89% 4% 0% 0.11
Medium 9% 2% 89% 0% 0.11
High 2% 0% 2% 96% 0.04

Overall, the most abundant compounds detected in the kernels were arabitol/xylitol and malate.
They had the highest relative abundance above 4 at the four dose levels. Proline was the most abundant
amino acid detected (Table S1). Arabitol/xylitol levels increased, while proline levels decreased
relative to control. Generally, metabolite levels declined in inoculated classes compared to control
samples (Table S1). However, this trend reversed with two alcohols (inositol and arabitol/xylitol), two
unidentified sugars (sugar-P252, sugar-P481), and two unidentified compounds (UK-P73 and UK-P74)
in the inoculated classes. The correlation of the polar compounds to aflatoxins are presented in Table 4.
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Table 4. Pearson’s correlations of log aflatoxins and identified compounds. GABA = gamma-
aminobutyric acid.

Compound R p Value
1,2-Propanediol —0.46 <0.0001
Alanine —041 <0.0001
Aminomalonic acid —0.28 0.0010
Arabitol or Xylitol 0.48 <0.0001

Citric acid 0.36 <0.0001
D-erythro-pentitol 0.12 0.1617
Erythronoic acid —0.41 <0.0001
Fructose —-0.25 <0.0030

GABA -0.39 <0.0001

Glyceric acid —0.40 <0.0001
Glycerol 0.41 <0.0001

Glycine —0.31 0.0002

Inositol 0.45 <0.0001

Iso-leucine —0.46 <0.0001

L-threitol 0.35 <0.0001

Malate 0.18 0.0310

Malonic acid 0.17 0.0450
Mannitol —0.16 0.0520
Myo-inositol —0.47 <0.0001
Phosphoric acid 0.21 0.0140
Proline —0.48 <0.0001

Serine —0.42 <0.0001

Sucrose —0.30 0.0003

Succinate 0.04 0.6800
Threonine —0.44 <0.0001
Trehalose —0.49 <0.0001
Turanose —0.53 <0.0001
Uracil —0.39 <0.0001
Valine —0.45 <0.0001
3,4-dimethylbenzoic acid (xylylic acid) —0.08 0.3702
Pentadecanoic acid (n-pentadecanoic acid) 0.15 0.0800
Hexadecanoic acid (palmitic acid) —0.08 0.3491
Octadecanoic acid (stearic acid) 0.02 0.8282
11-icosenoic acid (gondoic acid) —0.15 0.0705
Icosanoic acid (arachidic acid). —0.03 0.7195

2.4.2. Linear Discriminant Analysis

Dose clusters utilising the identified metabolites demonstrated the ability of these metabolites for
separation of doses. The most distinct clusters are seen in the milk and dent stages while the control
and low doses of kernels inoculated at the dough stage were more loosely clustered (Figures 3 and 4).
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Figure 3. Cluster analysis of fungal dose in kernels using polar metabolite data at milk, dough, and dent
stages of maturity. (C, L, M, and H represent control, low, medium, and high fungal doses). LD1 and
LD2 are linear discriminant functions 1 and 2.
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Figure 4. Cluster analysis of fungal dose in kernels using non-polar metabolite data at milk, dough,
and dent stages of maturity (C, L, M, and H represent control, low, medium, and high fungal doses).
LD1 and LD2 are linear discriminant functions 1 and 2.

Generally, the classes of compounds of those identified were sugars, amino acids, and sugar
alcohols (Figures S1-512). The milk stage compounds useful for dose discrimination were
1,2-propanediol, alanine, aminomalonic acid, arabitol/xylitol, citric acid, D-erythro-pentitol,
erythronoic acid, fructose, GABA, glyceric acid, glycerol, glycine, inositol, isoleucine, L-threitol,
malonic acid, mannitol, myo-inositol, phosphoric acid, proline, serine, succinate, threonine, trehalose,
turanose, uracil, valine, 14 unnamed sugars, and 37 compounds that could not be identified from
the available databases. Among the unidentified compounds, UK-P69 increased with dose, whereas
UK-P725, UK-P733, and UK-P44 decreased with dose increase. Fructose and an unidentified sugar-P190
were the most abundant in the milk stage samples. However, their patterns of accumulation were
opposed to each other. While fructose decreased progressively with fungal dose, the levels of
Sugar-P190 increased progressively with fungal dose (Figure Sla), possibly indicating a relationship
with fungal dose. Unfortunately, the identity of this interesting sugar-P190 could not be elucidated
from the available databases. Turanose also decreased with fungal dose. Among the alcohols, L-threitol,
arabitol/xylitol and D-erythro-pentitol increased with fungal dosage, while mannitol and myo-inositol
decreased with fungal dosage. Glyceric acid and uracil decreased with fungal dosage.

The dough stage compounds important for dose discrimination included 23 sugars, three amino
acids, five alcohols, five acids, succinate, and malate. These compounds were putatively identified as
trehalose, turanose, proline, serine, GABA, arabitol /xylitol, glycerol, inositol, L-threitol, myo-inositol,
citric acid, erythronoic acid, glyceric acid, malonic acid, succinic acid, and malate. Among the sugars,
sugars-P239, P602, fructose, and sucrose decreased with dosage, whereas, sugars-P190, P252, P551, and
P639 increased with fungal dosage. Inositol, L-threitol, and arabitol or xylitol increased with fungal
dosage, while myo-inositol decreased with fungal dosage.

The dent stage kernels useful for dose discrimination included 16 sugars, 11 amino acids
(including « and y amino acids), eight alcohols, nine acids, succinate, malate, glycine, uracil,
and 45 unidentifiable compounds. Among the sugars, progressive decrease with dosage was observed
with sugars-P245, P454, trehalose, turanose, sucrose, and fructose. Whereas, progressive increase
was observed with sugars-P252, P320, P481, and disaccharide-P582. Amino acids threonine, alanine,
proline, serine, valine, and isoleucine decreased progressively with fungal dosage. Among the alcohols,
progressive decrease with dosage was observed with myo-inositol and 1,2-propanediol, while a
progressive increase with dosage was observed with mannitol, glycerol, L-threitol, and inositol.
Citric acid increased progressively with dosage while glyceric acid and erythronoic acid decreased
progressively with dosage. The unidentified compounds are presented in the supplementary material
but are not discussed further.



Toxins 2018, 10, 187 8 of 22

3. Discussion

3.1. Sugars

The sugar class made the highest contribution of compounds for dose classification at milk,
dough, and dent stages of physiological maturity. Generally, there were much more elevated levels
of sugars in the control kernels compared to the inoculated kernels at the milk stage of maturity.
However, sugar-P190 increased with fungal dose at all stages of kernel maturity. Sugar-P454 was
prominent at all stages and decreased with fungal dose. The trend of decreased sugar levels with
increased fungal activity in the samples is consistent with the findings of others that sugar uptake is
essential for fungal development and aflatoxin accumulation [32]. Sugars may be a trigger for aflatoxin
accumulation [10]. The decreased levels of these sugars suggest their utilisation as carbon sources for
biochemical processes, including for aflatoxin accumulation, as has been reported by others [32,33].
Fructose, glucose, and sucrose in peanuts are directly correlated with aflatoxin B1 in peanuts [34].

Fructose and turanose were identified as important for dose discrimination at the three maturity
stages and had higher levels in the control samples compared to the inoculated samples. The use of
fructose for aflatoxin accumulation has been corroborated by others [35] where they reported that
fructose induces aflatoxin production between 24 h and peaks at 96 h (but induction is not excluded
after 96 h). Therefore, the role of fructose is in both the exponential and stationary growth phases, i.e.,
before and after 96 h, respectively. Sucrose and trehalose were important in dough and dent stages,
but not the milk stage, and decreased with increased fungal activity (Figures S4-56). Sucrose levels
increase in the germ as it matures [36]. This suggests that this simple sugar would be more accessible
in the more mature dough and dent kernels. This explains why this sugar may be more relevant for
dose selection in the dough and dent kernels, but not the milk-stage kernels. The preferential sucrose
and lipid distribution in the germ may be contributory to this colonisation pattern. Lipids in the germ
are suggested to be important for aflatoxin accumulation [37], and high sucrose levels in the germ are
related to the metabolism of fatty acids [36]. This is an indication that fatty acids and sugars play roles
that may correlate with aflatoxin biosynthesis.

There was significant negative correlation (p < 0.05) of fructose, sucrose, and turanose levels with
aflatoxin concentrations (R = —0.25, —0.30, and —0.53, respectively).

The selection of turanose for aflatoxigenic fungi is in agreement with the reports of others
where turanose is associated with virulence [38] and activation of mitogen-activated protein kinases
(MAPKSs) [39] in the MAPK pathway. Kinases are important for the transport of phosphates. Therefore,
the identification of turanose in the current study is insightful, as phosphoric acid was also identified
as a dose discriminating factor (Table S1). Studies from other researchers also suggest that turanose
activates an extracellular invertase (Lin6) [39]. This is insightful as under conditions of stress, the maize
cell reduces its biosynthesis of complex molecules of starch and instead expresses genes that increase
the free hexoses in the cell by the action of invertases [27]. This suggests that the perception of turanose
by the plant could be a stress stimulus signalling the plant to also increase its own invertase activity.
The stronger correlation coefficient of turanose compared to fructose in relation to aflatoxins suggests
that turanose plays a critical function in the secondary metabolism leading to aflatoxin biosynthesis.

Trehalose was important in dose identification in the dough and dent samples and significantly
correlated (p < 0.05) with aflatoxins (R = —0.49) (Table 4). Trehalose is important for stress tolerance and
viability of spores as an osmolyte in A. flavus and A. nidulans, which are close relatives of A. parasiticus
(the isolate used in this study). Trehalose is a storage metabolite that increases within contaminating
A. flavus after 48 h [40] and is required for stress tolerance in A. nidulans [41,42]. Although A. nidulans
is not an aflatoxin-producer, it produces sterigmatocystin, which is a precursor to aflatoxins, and its
biosynthetic pathways are similar to that of aflatoxin producers, but are truncated before they reach
the aflatoxin step [43]. Therefore, there could be some similarity in the utilisation pattern and role
of trehalose in both species. This is suspected, especially as trehalose is reported to be an important
osmolyte, required for spore survival [42,44], and is important under conditions of osmotic stress
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contributing to aflatoxin accumulation [45]. The absence of a trehalose biosynthetic gene (tpsA) has
been reported to result in the loss of spore viability, succumbing to heat stress and H,O, stress
(oxidative stress) [41]. Small quantities of trehalose are found in plants for stress tolerance [46] as
observed by the small levels of trehalose present in the control samples.

The key role of sugars in aflatoxin biosynthesis is supported by the prominence of the sugar
cluster in the aflatoxin biosynthetic pathway [47] and increased gene expression in high carbohydrate
medium [10]. Others also confirmed natural deletion of genes in the sugar utilization cluster
(nadA-hexA-glcA-sugR) as one of the deletion patterns, among others, that contributes to the loss
of aflatoxigenicity in Aspergillus species [48]. However, this is not the only pattern of deletion that
causes loss of aflatoxigenicity in non-aflatoxigenic strains of A. flavus [48,49]. There is also a reported
relationship between the expression of the sugar cluster genes and the aflatoxin pathway regulatory
genes aflR and aflS. Increased expression of glcA, hxtA, nadA, and sugR (and aflatoxins) are higher
when the transcription ratio of aflR:aflS regulatory genes is high [50].

3.2. Sugar Alcohols

In this study, arabitol/xylitol was positively correlated with aflatoxin concentrations (R = 0.48,
p <0.05) (Table 4). Arabitol/xylitol was present in high relative amounts, above 4, while inositol
amounts were below 0.5 (Table S1). The increase in the levels of arabitol is in agreement with
reports of increased levels of arabitol levels as aflatoxin accumulated in cottonseed [40] and in
fungal biomass of both A. flavus and A. parasiticus [51]. Others report that arabitol and aflatoxin
B1 production co-occur [52]. These earlier reports, associated with both fungal biomass and aflatoxin
accumulation, suggest that increased levels of arabitol may be related to both the primary and
secondary metabolic pathways of the fungi. Arabitol has an osmoregulatory function [51], and this
attribute is vital for coping with conditions of osmotic stress, which is a predisposing factor for
aflatoxin accumulation [53,54]. Information about xylitol and aflatoxins or aflatoxigenic fungi is sparse.
However, there has been mention about the inability of xylitol to induce aflatoxins [55]. It is, therefore,
more likely that this putatively identified compound is arabitol rather than xylitol. However, empirical
verification is still required with chemical standards to certify the identity of this metabolite.

In the current study, mannitol levels correlated with aflatoxins (R = —0.16, p = 0.05)
(Table 4). Mannitol is important for stress tolerance [44], where mannitol may be temporarily
enabling cells to maintain their integrity during stress [40]. Like arabitol, mannitol also plays an
osmoregulatory function. This has been reported in both aflatoxigenic and non-aflatoxigenic fungi of
Aspergillus spp. [40]. Some authors report that mannitol production occurs concurrently with aflatoxin
accumulation in maize [52], others report that its accumulation occurs regardless of toxigenicity
potential [51]. In this study, glycerol is another important sugar alcohol that significantly correlated
with aflatoxins (R = 0.41, p < 0.05) (Table 4). Being an osmoprotectant, glycerol maintains cellular
integrity by protecting the cell against damage due to dehydration, heat, or free radicals [44]. Protection
by this sugar alcohol prevents macromolecular and enzymatic damage. Glycerol levels have also been
reported to increase under conditions of water stress in A. flavus and A. parasiticus [51]. Accumulation
of glycerol could suggest increased activity of cellular processes that lead to increased tricarboxylic
acid (TCA) cycle metabolic processes. Also, others report that glycerol stimulates the synthesis of
aflatoxins [56].

Inositol and myo-inositol are cellular signalling moieties [57]. Signalling pathways are critical in
A. flavus colonisation in the maize kernel [58]. Inositol and myo-inositol statistically correlated (p < 0.05)
with aflatoxins (R = 0.45 and —0.47, respectively). Their patterns of accumulation in the infected kernels
were contrasting. Inositol levels increased, while myo-inositol levels decreased (Figures S12-514).
Their converse relationship suggests different kinds of cellular processes occurring within the kernel
with increased fungal dose.
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3.3. Polar Acids

The other identified metabolites will be discussed in two groups: (1) amino acids and (2) other
acids and uracil.

3.3.1. Amino Acids

Analysis of all doses showed that amino acids were generally higher in the control samples than
in the inoculated samples (Figures S1-53), suggesting catabolism of these amino acids for fungal
metabolism. The levels of amino acids identified significantly correlated (p < 0.05) with aflatoxin
levels: alanine (R = —0.41), proline (R = —0.48), serine (R = —0.42), gamma-aminobutyric acid (GABA)
(R =—0.39), valine (R = —0.45), threonine (R = —0.44), iso-leucine (R = —0.46), and glycine (R = —0.31)
(Table 4). Threonine, serine, isoleucine, leucine, aspartic acid, and methionine have been observed
to be influenced by A. parasiticus in groundnuts [59]. Similarly, during A. parasiticus metabolism,
the catabolism of valine, leucine, and isoleucine have been detected [13]. In A. flavus, increase in
aflatoxins has been reported with catabolism of leucine and iso-leucine [60]. Proline has been reported
as an amino acid utilised by aflatoxigenic species, and that triggers aflatoxin production [61]. However,
there are opposing arguments as to the role of proline as either a scavenger of reactive oxygen species
(ROS) or responsible for the accumulation of ROS in the cell [62,63]. Proline is also reported to
accumulate in stressed plants [64] and is related to aflatoxin biosynthesis, suggesting an alignment
between the stressed plant and the invading fungus. It is probable that the fungus may have developed
this as an adaptation strategy, such that elevated levels of proline may be a signal to the invading
fungus, thus triggering increased metabolism. In A. niger (a close relative of aflatoxigeic species
A. flavus and A. parasiticus), there is a positive relationship between proline and alanine and the
stimulation of conidia germination [65]. High levels of aflatoxin production supported by proline
have been reported [61], and increased catabolism of alanine has been detected to match increased
accumulation of aflatoxins [60]. Furthermore, alanine is a carbon source for fungal primary and
secondary metabolism [30,66], and a stimulant for aflatoxin accumulation [67]. GABA is not an alpha
amino acid but was important for dose classification at the three stages of grain maturity. This amino
acid is a signalling molecule produced by plants and biological systems for stress response [68,69]
and is important for enabling the maize plant to adjust to stress [64], also, it is a source of nitrogen
for pathogenic fungi [69]. Pathogenic fungi stimulate GABA production in plant cells and exploit
GABA for their own development [69]. GABA’s involvement in the production of succinate in the TCA
cycle [70] via the GABA shunt is well known. In some instances, GABA is incorporated in fermented
meals (including the use of A. oryzae for fermentation) for functional attributes [71]. Being desirable
in foods could lead to breeding for GABA enrichment, which should proceed with caution as GABA
levels are significantly (p < 0.05) correlated with aflatoxin levels. Another amino acid of importance in
this study was aminomalonic acid, however, it is scarcely studied with respect to aflatoxigenic fungi.
It is an unstable amino acid [72]. It has been suggested that aminomalonic acid is a constituent of
proteins (although not formed from alpha amino acids,) and its production may be caused by synthesis
errors or oxidative damage in proteins [73].

3.3.2. Other Metabolites

The levels of erythronic acid in the control samples were higher than those in the inoculated
samples, and erythronic acid levels were significantly correlated (p < 0.05) with aflatoxins (R = —0.41)
(Table 4). It has been suggested that erythronic acid may be formed from glycated lysine residues or the
breakdown of ascorbic acid [74,75]. Accumulation of antioxidants such as ascorbic acid and glutathione
polyphenols help the plant in antagonistic measures against antioxidant species that would interfere
with membrane integrity. Antioxidants can reduce aflatoxin production [76]. Therefore, antioxidant
breakdown would be necessary for continued aflatoxin accumulation, but the lower levels of erythronic
acid in inoculated samples suggest a different explanation.
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In this study, aflatoxin levels correlated with malonic acid, glyceric acid, and uracil (R =0.17,
—0.40 and —0.39, respectively; p < 0.05), as well as phosphoric acid with R = 0.21 (p < 0.05)
(Table 4). Malonic acid is responsible for the stimulation of acetate incorporation to aflatoxin at
low concentrations [77], therefore, this supports this correlation. While the relationship of glyceric acid
specifically to aflatoxins is sparsely reported, it is known that glyceric acid is formed from the oxidation
of glycerol, and glycerol accumulates in the cells of A. flavus and A. parasiticus under conditions of
osmotic stress [51]. The relationship between uracil and aflatoxin production may be due to increased
colonisation and thus RNA production and turnover.

Levels of phosphoric acid, citric acid, and malate significantly correlated with aflatoxins (R = 0.21,
0.36, 0.18, and 0.21, respectively, p < 0.05), but not succinate (Table 4). The acids or ions of citric acid,
succinic acid (ion is succinate), malic acid (ion is malate), and phosphoric acid (ion is phosphate)
are intermediates in the tricarboxylic acid cycle. Phosphate groups are important in many cellular
metabolic processes. The detection of phosphoric acid for dose classification suggests changes in
cellular activity involving kinases in phosphorylation. Within the glycolytic and tricarboxylic acid
pathways, the phosphate groups feature extensively for energy transfer and generation in the adenosine
diphosphate (ADP) and adenosine triphosphate (ATP) moieties.

The use of these TCA intermediates in dose classification and their significant correlations, suggest
that the TCA cycle plays a critical role in fungal dose and aflatoxin accumulation. However, both
aflatoxin and non-aflatoxin-producing strains produce citric acid. A. niger is an efficient producer of
citric acid [78], and is used for commercial citric acid production. However, aflatoxigenic species are
stimulated by citric acid to undergo an additional step of conversion of acetyl coA into malonyl coA
for aflatoxin biosynthesis [30]. Since this conversion requires stimulation by citric acid, it suggests
that citric acid utilisation is a crucial link between the primary and secondary metabolic pathways
within aflatoxigenic species. The exponential growth stage leads to pyruvate accumulation. However,
accumulation of pyruvate (product of glycolysis) is toxic to the fungus, so the fungus needs to
synthesize other molecules from pyruvate, thus driving TCA precursors into sustaining the cycle and
the secondary metabolic reactions (where genetically possible). Acetate is the primary molecule in
the aflatoxin biosynthetic pathway [43] and in the TCA cycle [79]. This confirms an interrelationship
between the TCA cycle and aflatoxin biosynthesis. Furthermore, the biochemical processes of the TCA
cycle occur in the mitochondrion, and aflatoxin-producing fungi have distorted mitochondria and
accumulate ethanol [13,60]. Ethanol formed from fermentation of sugars could be an indication that
the fermentation of sugars is necessary for the biosynthesis of aflatoxins.

3.3.3. Fatty Acid Methyl Esters (FAME) Identification

None of the FAME levels had significant correlations (p > 0.05) with aflatoxin levels. However,
clusters were not as distinctly separated as with the polar metabolites (Figure 4). In milk and
dough kernels, the levels of putatively identified 2,4-Di-tert-butylphenol metabolites were much
lower at the high dose than at other doses, but this pattern was not observed in dent-stage kernels
(Figures 510-512). There are suggestions that this phenolic compound is protective against pathogens
such as A. niger, F. oxysporum, Phytophthora capsici, P. chrysogenum, and Colletotrichum sp. [80-82] and
has allelopathic abilities on microbial biomass in soils [83]. There is little evidence that maize kernels
may produce this compound, or if it is antagonistic to aflatoxigenic Aspergilli. Nevertheless, in a study
to investigate the action of this metabolite on cell lines from a rat, 2,4-Di-tert-butylphenol was reported
to have antioxidant activity comparable to vitamin C, particularly against hydrogen peroxide-induced
oxidative stress [84]. Thus, it could be an antioxidant protectant related to aflatoxin accumulation,
but this requires confirmation.

Arachidic acid is a saturated fatty acid present in corn oil and peanut oil [85,86]; it is related to
elevated aflatoxins and delayed peanut harvest. [87]. Its production by A. flavus and A. parasiticus
grown on malt extract agar has been reported [88], as has its presence in plant pathogens including
A. flavus, A nidulans, A. niger, and F. moniliforme (now termed F. verticillioides) [88-90]. Palmitic acid
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and margaric acid (saturated fatty acids present in corn oil [85,86]) are reported to be antagonistic
to Fusarium sp. [91] but not A flavus and A. parasiticus [88]. Therefore, increased production of
fungus-specific metabolites such as palmitic acid could favour aflatoxin-producing organisms, but not
fumonisin-producing organisms. Palmitic acid supports aflatoxin production [92-94] and is not
inhibitory to A. flavus and A. parasiticus [88]. However, delayed harvest in peanuts is associated with
higher levels of palmitic acid and increased aflatoxin levels [87]. Stearic acid is a fatty acid present in the
maize kernel [95,96], and it is reported to stimulate the growth of A. flavus and A. parasiticus, aflatoxin
production [93,97,98], and to be attractive to insect pests and pathogens of maize [99]. Information
about the roles of gondoic and xylylic acids with respect to aflatoxigenic fungi is sparse. Margaric
acid has been detected in wheat [100]; it is reported to be absent in maize [101,102]. However, it was
putatively identified in these samples, including the controls, therefore, specific identification of this
metabolite is required for confirmation of its incidence. Unfortunately, metabolites that had levels
that were significantly correlated (p < 0.05) with aflatoxins were among the unidentified samples.
These were F3 (R = 0.20), F25 (R = 0.21), F28 (R = 0.19), F31 (R = 0.19), F34 (R = 0.20), F90 (R = 0.23), F91
(R=0.21), F93 (R = 0.18), and F109 (R = 0.22).

Elevated levels of sugars and beta-oxidation of lipids are important triggers for aflatoxin
stimulation. Sugar levels increase due to the breakdown of starch by Aspergilli and increased starch
catabolism and invertases activity by maize in defence against fungal invasion. As accumulations of
products of glycolysis are toxic to the fungus, glycolytic pathways need to be consumed. The TCA cycle
provides an outlet for products of glycolysis. Increased transcription of genes relevant for glycolysis
and the tricarboxylic acid cycle, an increase in free hexose content, and a decrease in starch content
have also been observed in biotic-stressed maize. The aflatoxin biosynthetic pathway supports the role
of sugars as the aflatoxin gene cluster has an 80-kb region containing at least 25 open reading frames
(aflA to afl Y) involved in aflatoxin biosynthesis and an untranslated sugar cluster region.

Aflatoxin production is stimulated by oxidative stress induced by radical producers, while
in the absence of stress, fungi lose ability for sclerotia production and thus aflatoxin biosynthesis.
Although, the primary response of fungi to stress is not aflatoxin production but the production
of antioxidants, aflatoxins are eventually synthesised in response to stimulation. Fatty acids from
maize have been reported to stimulate the $-oxidation pathway in mitochondria of the fungi and
contribute to aflatoxin biosynthesis [43,103,104]. The exact mechanism by which this stimulation
occurs is not clearly elucidated. However, oxylipin (oxidized lipids) cross-talk between the host and
the fungus might be important for aflatoxin biosynthesis with increased access to zinc promoting
aflatoxin accumulation [105-107]. This suggests that the relationship with lipid oxidation is possibly
associated with the unidentified non-polar metabolites in the current study that were significantly
correlated with aflatoxins. While it is true that changes in primary metabolism are related to stress,
the complexity involved in the defence pathways makes it challenging to link changes in primary
metabolism to the secondary metabolism pathways that are associated with plant stress. Secondary
metabolite production is not directly correlated with physiological importance in the host and is more
an aspect of the plants’ strategy to cope with unfavourable ecological conditions to enhance survival.
Nevertheless, these changes in primary metabolism affect carbon fixation pathways and osmotic
adjustment that affect stress tolerance.

4. Conclusions

The findings in the current research identified sugars and amino acids as important for dose
classification and correlation with aflatoxin levels. It is possible that the link is due to the catabolism
of complex molecules such as carbohydrates, fats, and proteins, resulting in the production of acetyl
coA. Acetyl coA is the starting molecule for both the TCA cycle and aflatoxin biosynthesis. During
conditions of stress, an additional requirement by cells is to maintain membrane integrity. Metabolites
including trehalose, mannitol, and sorbitol are important for osmo-protection and are related to
the accumulation of the fungal toxin. The findings from this research, therefore, show changes in
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contaminated maize grains that can be investigated further in a targeted approach to confirm the
putative identities of the metabolites identified and discussed here.

5. Materials and Methods

5.1. Crop Development

Maize seeds of 33v62 variety (Pioneer Overseas Corporation, Johnston, IA, USA) were planted
at the University of Queensland’s (UQ) temperature-controlled glasshouse, St. Lucia, Brisbane.
Three seeds were planted per pot in 36 eight-litre pots and later thinned down to one plant per
pot. The UQ23 potting media was used, comprised of 70% composted pine bark, 30% coco peat,
and augmented at 1 kg m~ Yates flowtrace (Yates, Clayton, Australia), 1 kg m~2 iron sulphate
heptahydrate, 0.4 kg m~3 superphosphate, 0.03 kg m~2 copper sulphate, and 1 kg m~3 gypsum [108].
Basal fertilizer application was done with Osmocote® slow release fertilizer (Osmocote, Bella Vista,
Australia) at planting. Another application was made post-emergence as a top dressing and again
at 50% crop tasselling. After germination, plants were thinned to one plant per pot and watered
daily. Crops were propagated in a temperature-controlled glasshouse at an average temperature of
26.2 °C £ 4 °C. Cobs were harvested at 90, 97, and 105 days after planting (DAP), corresponding to the
R3 (milk), R4 (dough) and R5 (dent) stages of crop maturity [109]. Maize cobs were placed in labelled
polythene bags in a 4 °C portable cooler box immediately after harvest, and samples were transferred
to the laboratory. Uniformly aged kernels were detached between the 10th and 20th rows from the
bottom of the cob. Ten kernels were detached. After detachment, kernels were frozen at —20 °C in
preparation for lyophilisation.

5.2. Grain Colonisation with Fungal Spores

Grains were colonised using fungal doses of A. parasiticus F75, provided by the Queensland
Department of Agriculture & Fisheries” (QDAF) laboratory (Brisbane, Australia). Spores were prepared
for grain inoculations by dispensing an 8 pL spore suspension from working culture on the centre of V8
juice media plates in 5 cm petri dishes. Inoculated petri dishes were incubated unilluminated at 25 °C
for five days. At the end of the incubation period, fungal spores were used to prepare doses of fungal
spore suspensions by gently rinsing off the surface of the agar plate with 0.1% Tween 80 solution.
The fungal doses, namely control, low, medium and high doses, were achieved by rinsing spores
from none, one, four, and sixteen 5-cm petri dishes to provide 9 mL Tween 80 solutions of each dose.
Quantitative measurements of the spore concentrations were not taken during experimentation.

Kernels of the milk, dough, and dent stages from the three plant replications were surface
sterilized with 70% alcohol and rinsed in three changes of sterile distilled water. Sterile kernels were
completely immersed in the respective dose suspensions (control, low, medium, and high) for 1 min
contact time for fungal inoculation of the kernels. After fungal attachment, ten inoculated kernels
from each replication were placed in sterile 9 cm petri dishes in a 4 x 3 factorial design with three
replicates. Out of the 10 kernels, five were retrieved for analysis and the additional five were included
in the event of a loss during experimentation, but were later discarded. Total number of kernels used
for experiments was 180 (i.e., 4 x 3 X 3 x 5). A layout of the experiment is illustrated in Figure 5.
Colonised kernels were incubated unilluminated at 25 °C for 72 h. At the end of the incubation period,
kernels were scored for fungal colonisation by visual observation. Percentage grain colonisation
(colonisation score) were assigned as follows: 0% (0), 1-30% (1), 40-60% (2), and 70-100% (3) based on
surface area visibly covered by fungal growth. After visual scoring, kernels were frozen at —20 °C to
halt fungal activity and in preparation for lyophilisation.
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Figure 5. Experimental design layout.

5.3. Chemical Analyses

5.3.1. Sample Preparation and Extraction for Metabolomics Analysis

Extracts for analysis of metabolites were from inoculated, freeze-dried individual kernels. Polar
and non-polar extracts of the milled maize kernels were obtained using protocols modified from [110].
Adapted protocols were developed at Metabolomics Australia. Using a Retsch Mill (RMM 301, M,
Retsch, Haan, Germany), kernels were crushed to powder by stainless steel balls at 30 Hz for 10 s in
10 mL steel jars. Cross contamination between milled kernels was prevented by decontaminating the
stainless-steel jars and balls with 70% ethanol. After milling each kernel, 50 mg of ground sample was
weighed into tared 2 mL microtubes. To each 2 mL-microtube containing 50 mg of sample, 600 pL of
methanol/chloroform [2:1 (v/v)] was added. The methanol/chloroform solution contained internal
standards consisting of 1 mM stock 13C, Sorbitol + 10 mM stock 13Cs, 15N Valine and 5 mM 13C
myristic acid. The milled grain/solvent mixture was vortexed, after which 200 puL chloroform was
added and was mixed again with a vortex mixer. Thereafter, the mixture was sonicated at 70 °C for
15 min. Following this, 400 puL of milliQ water was added and the suspension mixed again with a
vortex mixer.

The polar and non-polar fractions were separated by centrifuging the mixture at 16,000x g
(at room temperature) for 15 min. Polar and non-polar extracts were transferred by pipette into
separate tubes. The polar extract was further extracted from the non-polar fractions by adding 300 uL
chloroform, mixing with a vortex, and centrifuging at 16,000 x g for 10 min. The polar and non-polar
phases were again separated, and the non-polar extracts were pooled together. Total extracted volumes
ranged from 400 to 600 pL. From each extract, 50 pL in glass inserts were placed in open labelled micro
tubes and dried using the V-AQ program of a vacuum concentrator without heating (Concentrator
Plus, Eppendorf, Germany). Dried extracts were capped in the micro tubes and stored upright in a
silica gel /desiccator at room temperature prior to analysis. In addition to the samples, a pooled sample
was also prepared and similarly dried. This pooled sample was for quality control (QC) purposes [111].
The total number of extracts was 179 because one kernel (a control sample at the dough stage of
maturity) was lost during sample extraction. Following sample extraction, the polar and non-polar
phase analytes were separated by gas chromatography and detected via tandem mass spectrometry.

5.3.2. Polar Phase GC-MS Metabolomics Analysis

Derivatisation and introduction of the samples was performed using a Gerstel MPS-2XL
autosampler equipped with a heated agitator (Gerstel GmbH & Co. KG, Miilheim an der
Ruhr, Germany). Each sample was derivatised to its methoxy-TMS derivatives through
a one hour reaction with 10 uL of 40 mg/mL methoxyamine hydroxychloride solution in
pyridine (Sigma-Aldrich, St. Louis, MO, USA), followed by a two hour reaction with 20 pL
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of N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS)
(Macherey-Nagel GmbH & Co. KG, Diiren, Germany); both reactions were at 37 °C under constant
stirring. Derivatised samples (1 uL) were then injected in splitless mode, at 250 °C using helium as a
carrier gas under a constant flow of 0.718 mL/min. Metabolites were separated on a Varian capillary
column (Factor FOUR VE-5 ms: 0.25 mm i.d., 0.25 pm film, 30 m length with a 10 m fused guard
column; Varian, Mulgrave, Australia) installed on an Agilent 7890A gas chromatograph coupled to
an Agilent 5975C MSD mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The initial
temperature of the separation program (70 °C) was held for 1 min, then increased to 325 °C at a rate of
7 °C/min and held at 325 °C for 3.5 min. The ion source, quadrupole, and transfer line temperatures
were set at 250 °C, 150 °C, and 280 °C, respectively. Metabolites were detected in total ion count (TIC)
“scan” mode with scanning range 50—-600 m/z at a rate of 2.66 scans/s. The acquisition order was
randomized, and the samples were run with sample- and analyte-relevant calibration standards and
pooled QC samples [111,112] intercalated after each block of 10 samples to control for reproducibility
of data acquisition and to ensure data integrity. The instrument was cleaned and tuned prior to
acquisition. This was conducted by Metabolomics Australia.

5.3.3. Non-Polar Phase GC-MS Fatty Acid Methyl Ester (FAME) Metabolomics Analysis

Fatty acids in the non-polar phase were converted to their methyl esters and measured using a
method developed for GC-MS by Metabolomics Australia. Briefly, lipids were saponified for 2 h at
80 °C by 200 nL of 2 M NaOH and 400 pL of methanol. After acidification with 40 puL of 37.5% HC],
400 pL of chloroform were added and the suspension extensively vortexed. Phases were separated by
centrifugation for 3 min at 3000 x g. The layer of chloroform was collected and evaporated using the
V-AQ program of a vacuum concentrator without heating (Concentrator Plus, Eppendorf, Germany).
The dried chloroform extract was then treated with 200 pL of 2% H,SO4 in methanol and incubated for
2 h at 80 °C. The suspension was then cooled, 200 uL of 0.9% NaCl added, and vortexed thoroughly.
The fatty acid methyl esters (FAMEs) were recovered in 300 pL of hexane, and 2 uL of the hexane layer
was injected directly in the GC-MS in splitless mode, at 350 °C using helium as a carrier gas under a
constant flow of 1 mL/min. Metabolites were separated on the Agilent GC-MS system as previously
described. The initial temperature of the separation program (70 °C) was held for 5 min then increased
to 320 °C at a rate of 9 °C/min and increased to 325 °C at 30 °C/min where it was held for 6.3 min
(this temperature program was done to flush the column at maximum temperature). This section was
conducted by Metabolomics Australia.

5.3.4. GC-MS Data Processing

GC-MS metabolite peak identification was based on (a) an in-house library of standards that at
the time of analysis consisted of about 750 unique compounds and (b) on the commercially available
NIST MS library (2012) at 70% similarity match. A Retention Index (RI) ladder was also built using the
following alkane compounds: dodecane, pentadecane, nonadecane, docosane, octosane, dotriacosane,
and hexatriacosane. The RI values of the standard compounds were recalculated and adjusted
based on the updated retention times of the ladder. RI values are constantly recalculated for accuracy.
The hydrocarbons dissolved in hexane were injected in the beginning of the sequence. Pre-processing of
GC-MS data was performed using AMDIS (Automated Mass Spectral Deconvolution and Identification
System version 2.65, NIST, Gaithersburg, MD, USA) software for peak de-convolution and peak
integration. The deconvolution parameters were selected as follows: component width = 6; adjacent
peak subtraction = 2; resolution = medium; sensitivity = medium; shape requirement = medium.
The data extracted from AMDIS were further processed using MassHunter Quantitative Analysis
software for peak curation (version B.06.00, Agilent Technologies, Santa Clara, CA, USA) and Mass
Profiler Professional software (version 12.1, Agilent Technologies, Santa Clara, CA, USA). All data were
normalized to the internal standard (IS) intensity and were aligned with a retention time tolerance
of 0.1 min. Once processed, the data matrix was normalised to sample weight and then exported
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in .csv format for external data analysis. Relative quantification of the metabolites was achieved by
calculating the ratio of the metabolites” peak areas to the internal standard’s peak area: sorbitol, valine,
and myristic acid for sugars/alcohols, amino acids, and non-polar fractions, respectively. This section
was conducted by Metabolomics Australia. The ratios were then analysed using multiple statistical
analyses as follows.

5.3.5. Extraction and Analysis of Aflatoxins

Samples were analysed for aflatoxin concentration (ng/g) and absolute aflatoxins levels
(ng/kernel) in 140/179 kernels. The remaining 39/179 samples (a subset of milk stage kernels) were
not included in aflatoxin analysis as there was insufficient milled sample remaining after extraction
for metabolomics analysis. The aflatoxin concentrations were determined using UPLC-MS/MS [113].
Briefly, a maximum of 0.3 g milled kernels was mixed with 1.5 mL extraction solvent acetonitrile/MQ
water/formic acid (790/200/10) in micro tubes. Samples were agitated for 10 min and centrifuged
at 18,000x g. Extracts were filtered (using 0.2 um PVDF syringe filters) with mobile phase A (water,
formic acid, 99/1 v/v and 10 mM ammonium formate) in a 1:1 dilution and analysed.

5.4. Statistical Analyses of Aflatoxin and Metabolite Levels

For the metabolomics data, two data sets, consisting of polar and non-polar data, from the
metabolite analysis were analysed statistically in two analytical procedures. The first procedure was a
step-wise discriminant analysis (SDA) used to identify the important variables useful for classification
of samples into the different dose groups of control (low, medium and high) regardless of the stage
class. In the SDA procedure, the goal was to identify the most important independent variables from
the metabolomics data that were useful for the classification of the data set into differential groups of
fungal doses. The SDA model made selections based on statistical criteria at the defined significance
levels to ‘enter” and ‘remain” within the model. In the SDA, the significance level to enter and to stay
within the model was set at « < 0.15 for Partial RZ; this was done in order to accommodate potentially
important variables. The SDA was conducted using SAS software (version 9.4, SAS Institute Inc,
Cary, NC, USA). The second statistical procedure was a linear discriminant analysis (LDA) used for
identification of important variables within each stage class. With the LDA, a set of linear statistical
features was applied for the classification of the data, consisting of the continuous independent
variables of the metabolomics data and the dose category into which the observations were classified.
Percentage error of misclassification of observations in each dose category was also determined to
evaluate performance of the discriminant criterion and the covariates used. LDA was conducted using
the R software.

For the aflatoxin data, total aflatoxin concentrations (ng/g) and absolute aflatoxin levels
(ng/kernel) in the kernels were determined using Equations (1) and (2), respectively. Data normality
was improved by logarithm value transformation using Equations (3) and (4) for aflatoxin concentration
and absolute levels, respectively. Analysis of variance (ANOVA) between the least square means were
determined using the generalized linear model (GLM) in SAS (version 9.4) at « = 0.05.

Total aflatoxin concentrations (AFT) = AFB1 + AFB2 + AFG1 + AFG2 1)
Absolute (Absol) aflatoxin = AFT x weight of kernel )

Log AFT = Log10 (AFT + 1) 3)

LogAbsol = Log10 (Absol + 1) 4)

By computing the Pearson correlation in SAS (version 9.4), the correlation between primary and
secondary metabolites (i.e., compounds from the metabolite analysis of polar/non-polar fractions and
Log AFT) were determined. Significance level was set at o = 0.05.



Toxins 2018, 10, 187 17 of 22

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6651/10/5/187/s1,
Figure S1: Acid metabolites identified at the milk stage (error bars indicate standard error), Figure S2: Acid
metabolites identified at the milk stage (error bars indicate standard error), Figure S3: Acid metabolites identified
at the dent stage (error bars indicate standard error), Figure S4: Sugar metabolites identified at the milk stage
(error bars indicate standard error), Figure S5: Sugar metabolites identified at the dough stage (error bars indicate
standard error), Figure S6: Sugar metabolites identified at the dent stage (error bars indicate standard error),
Figure S7: Sugar alcohol metabolites identified at the milk stage (error bars indicate standard error), Figure S8:
Sugar alcohol metabolites identified at the dough stage (error bars indicate standard error), Figure S9: Sugar
alcohol metabolites identified at the dent stage (error bars indicate standard error), Figure S10: Non-polar
metabolites identified at the milk stage (error bars indicate standard error), Figure S11: Non-polar metabolites
identified at the dough stage (error bars indicate standard error), Figure S12: Non-polar metabolites identified
at the dent stage (error bars indicate standard error), Table S1: Polar analyte statistics for analyte selection from
stepwise discriminant analysis.

Author Contributions: T.D.O.F. conceived the idea, designed the experiment, conducted experiments, interpreted
the data, and wrote the paper; PK.C. conducted metabolomics experiments, analysed the metabolomics data,
wrote portions of the paper, and reviewed the manuscript; M.P.H. designed metabolomics experiments, analysed
the metabolomics data, and reviewed the manuscript; Y.S. contributed to the design of the experiment, interpreted
the data, and reviewed the manuscript; M.E. contributed to the design of the experiment, interpreted the data,
and reviewed the manuscript; R.D. contributed to the design of the experiment, conducted part of the statistical
analysis, interpreted the data, and reviewed the manuscript; S.K. conducted part of the statistical analysis,
interpreted the data, and reviewed the manuscript; G.F. conceived the idea, designed the experiments, interpreted
the data, and reviewed the manuscript.

Acknowledgments: The authors are grateful to the Department of Foreign Affairs and Trade, Australian
Government (DFAT) for funding [grant 57685]. Their scholarship support through Australia Awards to T.F.
during her PhD research at the University of Queensland is also gratefully acknowledged. Pioneer Corporation
is acknowledged for the maize seeds used for this study. The technical support of the staff at the University of
Queensland and Queensland Department of Agriculture and Fisheries are also appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Asiki, G.; Seeley, ].; Srey, C.; Baisley, K.; Lightfoot, T.; Archileo, K.; Agol, D.; Abaasa, A.; Wakeham, K;
Routledge, M.N; et al. A pilot study to evaluate aflatoxin exposure in a rural Ugandan population. Trop. Med.
Int. Heal. 2014, 19, 592-599. [CrossRef] [PubMed]

2. Bandyopadhyay, R.; Ortega-Beltran, A.; Akande, A.; Mutegi, C.; Atehnkeng, J.; Kaptoge, L.; Senghor, A.L.;
Adhikari, B.N.; Cotty, PJ. Biological control of aflatoxins in Africa: Current status and potential challenges in
the face of climate change. World Mycotoxin J. 2016, 9, 771-789. [CrossRef]

3. Mmongoyo, J].A.; Wu, E; Linz, ].E.; Nair, M.G.; Mugula, ].K.; Tempelman, R.J.; Strasburg, G.M. Aflatoxin
levels in sunflower seeds and cakes collected from micro- and small-scale sunflower oil processors in
Tanzania. PLoS ONE 2017, 12, €0175801. [CrossRef] [PubMed]

4. Jackson, PE.; Groopman, J.D. Aflatoxin and liver cancer. Baillieres. Clin. Gastroenterol. 1999, 13, 545-555.
[CrossRef]

5. Kpodo, K.A.; Bankole, S.A. Mycotoxin contamination in foods in West and Central Africa. In Mycotoxins.
Detection Methods, Management, Public Heallth and Agricultural Trade; Leslie, ].F., Bandyopadhyay, R.,
Visconti, A., Eds.; CABI International: Wallingford, UK, 2008; pp. 103-116.

6. Egal, S.; Hounsa, A.; Gong, Y.Y,; Turner, P.C.; Wild, C.P; Hall, A.J.; Hell, K.; Cardwell, K.E. Dietary exposure
to aflatoxin from maize and groundnut in young children from Benin and Togo, West Africa. Int. ].
Food Microbiol. 2005, 104, 215-224. [CrossRef] [PubMed]

7. Castelino, ].M.; Routledge, M.N.; Wilson, S.; Dunne, D.W.; Mwatha, ] K.; Gachuhi, K.; Wild, C.P; Gong, Y.Y.
Aflatoxin exposure is inversely associated with IGF1 and IGFBP3 levels in vitro and in Kenyan schoolchildren.
Mol. Nutr. Food Res. 2015, 59, 574-581. [CrossRef] [PubMed]

8. Gong, Y.Y,; Cardwell, K.; Hounsa, A.; Egal, S.; Turner, P.C.; Hall, A.J.; Wild, C.P. Dietary aflatoxin exposure
and impaired growth in young children from Benin and Togo: Cross sectional study. BM]J 2002, 325, 20-21.
[CrossRef] [PubMed]

9.  Price, M.S,; Conners, S.B.; Tachdjian, S.; Kelly, R.M.; Payne, G.A. Aflatoxin conducive and non-conducive
growth conditions reveal new gene associations with aflatoxin production. Fungal Genet. Biol. 2005,
42,506-518. [CrossRef] [PubMed]


http://www.mdpi.com/2072-6651/10/5/187/s1
http://dx.doi.org/10.1111/tmi.12283
http://www.ncbi.nlm.nih.gov/pubmed/24612197
http://dx.doi.org/10.3920/WMJ2016.2130
http://dx.doi.org/10.1371/journal.pone.0175801
http://www.ncbi.nlm.nih.gov/pubmed/28419131
http://dx.doi.org/10.1053/bega.1999.0047
http://dx.doi.org/10.1016/j.ijfoodmicro.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15979184
http://dx.doi.org/10.1002/mnfr.201300619
http://www.ncbi.nlm.nih.gov/pubmed/24668606
http://dx.doi.org/10.1136/bmj.325.7354.20
http://www.ncbi.nlm.nih.gov/pubmed/12098724
http://dx.doi.org/10.1016/j.fgb.2005.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15878831

Toxins 2018, 10, 187 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wilkinson, J.R.; Yu, J.; Abbas, H.K; Scheffler, B.E.; Kim, H.S.; Nierman, W.C.; Bhatnagar, D.; Cleveland, T.E,;
Yu, J.; Abbas, HK.; et al. Aflatoxin formation and gene expression in response to carbon source media shift
in Aspergillus parasiticus. Food Addit. Contam. 2007, 24, 1051-1060. [CrossRef] [PubMed]

Wilkinson, J.R.; Yu, J; Bland, J].M.; Nierman, W.C.; Bhatnagar, D.; Cleveland, TE. Amino acid
supplementation reveals differential regulation of aflatoxin biosynthesis in Aspergillus flavus NRRL 3357 and
Aspergillus parasiticus SRRC 143. Appl. Microbiol. Biotechnol. 2007, 74, 1308-1319. [CrossRef] [PubMed]
Okoth, S.; Nyongesa, B.; Joutsjoki, V.; Korhonen, H.; Ayugi, V.; Kang’ethe, E. Sclerotia formation and toxin
production in large sclerotial Aspergillus flavus isolates from Kenya. Adv. Microbiol. 2016, 6, 47-56. [CrossRef]
Roze, L.V,; Chanda, A.; Laivenieks, M.; Beaudry, RM.; Artymovich, K.A.; Koptina, A.V.; Awad, D.W.,;
Valeeva, D.; Jones, A.D.; Linz, ].E. Volatile profiling reveals intracellular metabolic changes in Aspergillus
parasiticus: VeA regulates branched chain amino acid and ethanol metabolism. BMC Biochem. 2010, 11, 1-15.
[CrossRef] [PubMed]

Doehlemann, G.; Wahl, R.; Horst, R.J.; Voll, L.M.; Poree, F,; Stitt, M.; Sonnewald, U.; Kahmann, R.
Reprogramming a maize plant: Transcriptional and metabolic changes induced by the fungal biotroph
Ustilago maydis. Plant J. 2008, 56, 181-195. [CrossRef] [PubMed]

Marti, G.; Erb, M.; Boccard, J.; Glauser, G.; Doyen, G.R.; Villard, N.; Robert, C.A.M.; Turlings, T.C.; Rudaz, S.;
Wolfender, ].L. Metabolomics reveals herbivore-induced metabolites of resistance and susceptibility in maize
leaves and roots. Plant Cell Environ. 2013, 36, 621-639. [CrossRef] [PubMed]

Laparre, J.; Malbreil, M.; Letisse, F.; Portais, ].C.; Roux, C.; Becard, G.; Puech-Pages, V. Combining
metabolomics and gene expression analysis reveals that propionyl- and butyryl-carnitines are involved in
late stages of arbuscular mycorrhizal symbiosis. Mol. Plant 2014, 7, 554-566. [CrossRef] [PubMed]
Feussner, I; Polle, A. What the transcriptome does not tell—Proteomics and metabolomics are closer to the
plants” patho-phenotype. Curr. Opin. Plant Biol. 2015, 26, 26-31. [CrossRef] [PubMed]

Bhatnagar, D.; Rajasekaran, K.; Payne, G.A.; Brown, R.L.; Yu, J.; Cleveland, T.E. The “omics” tools:
Genomics, proteomics, metabolomics and their potential for solving the aflatoxin contamination problem.
World Mycotoxin ]. 2008, 1, 3-12. [CrossRef]

Sun, C.; Gao, X.; Fu, J.; Zhou, J.; Wu, X. Metabolic response of maize (Zea mays L.) plants to combined
drought and salt stress. Plant Soil 2015, 388, 99-117. [CrossRef]

Gavaghan, C.L.; Li, ].V.; Hadfield, S.; Hole, S.; Nicholson, ].K.; Wilson, I.D.; Howe, PW.; Stanley, P.D.;
Holmes, E. Application of NMR-based metabolomics to the investigation of salt stress in maize (Zea mays).
Phytochem. Anal. 2011, 22, 214-224. [CrossRef] [PubMed]

Rao, J.; Cheng, F.; Hu, C,; Quan, S,; Lin, H.; Wang, J.; Chen, G.; Zhao, X.; Alexander, D.; Guo, L.; et al.
Metabolic map of mature maize kernels. Metabolomics 2014, 10, 775-787. [CrossRef]

Sun, C.X,; Li, M.Q.; Gao, X.; Liu, LN.; Wu, X.E; Zhou, J.H. Metabolic response of maize plants to
multi-factorial abiotic stresses. Plant Biol. 2015, 18, 120-129. [CrossRef] [PubMed]

Malysheva, S.V.; Arroyo-Manzanares, N.; Cary, ].W.; Ehrlich, K.C.; Vanden Bussche, J.; Vanhaecke, L.;
Bhatnagar, D.; Di Mavungu, ].D.; De Saeger, S. Identification of novel metabolites from Aspergillus flavus by
high resolution and multiple stage mass spectrometry. Food Addit. Contam. 2014, 31, 111-120. [CrossRef]
[PubMed]

Forseth, R.; Amaike, S.; Schwenk, D.; Affeldt, K.J.; Hoffmeister, D.; Schroeder, E,; Keller, N.P. Homologous
NRPS-like gene clusters mediate redundant small molecule biosynthesis in Aspergillus flavus. Angew. Commun.
2013, 52, 1590-1594. [CrossRef] [PubMed]

Brodhagen, M.; Keller, N.P. Signalling pathways connecting mycotoxin production and sporulation.
Mol. Plant Pathol. 2006, 7, 285-301. [CrossRef] [PubMed]

Barnes, L.W. Aflatoxin Development in Preharvest Corn. Ph.D. Thesis, Texas A&M University, College
Station, TX, USA, 1983.

Dolezal, A.L.; Shu, X.; OBrian, G.R.; Nielsen, D.M.; Woloshuk, C.P,; Boston, R.S.; Payne, G.A. Aspergillus
flavus infection induces transcriptional and physical changes in developing maize kernels. Front. Microbiol.
2014, 5, 1-10. [CrossRef] [PubMed]

Zhang, L.X.; Allen, L.H.; Vaughan, M.M.; Hauser, B.A.; Boote, K.J. Solar ultraviolet radiation exclusion
increases soybean internode lengths and plant height. Agric. For. Meteorol. 2014, 184, 170-178. [CrossRef]
Temminghoff, E.J.; Van der Zee, S.E.; De Haan, F.A. Copper mobility in a copper-contaminated sandy soil as
affected by pH and solid and dissolved organic matter. Environ. Sci. Technol. 1997, 31, 1109-1115. [CrossRef]


http://dx.doi.org/10.1080/02652030701579454
http://www.ncbi.nlm.nih.gov/pubmed/17886177
http://dx.doi.org/10.1007/s00253-006-0768-9
http://www.ncbi.nlm.nih.gov/pubmed/17216451
http://dx.doi.org/10.4236/aim.2016.61005
http://dx.doi.org/10.1186/1471-2091-11-33
http://www.ncbi.nlm.nih.gov/pubmed/20735852
http://dx.doi.org/10.1111/j.1365-313X.2008.03590.x
http://www.ncbi.nlm.nih.gov/pubmed/18564380
http://dx.doi.org/10.1111/pce.12002
http://www.ncbi.nlm.nih.gov/pubmed/22913585
http://dx.doi.org/10.1093/mp/sst136
http://www.ncbi.nlm.nih.gov/pubmed/24121293
http://dx.doi.org/10.1016/j.pbi.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26051215
http://dx.doi.org/10.3920/WMJ2008.x001
http://dx.doi.org/10.1007/s11104-014-2309-0
http://dx.doi.org/10.1002/pca.1268
http://www.ncbi.nlm.nih.gov/pubmed/21204151
http://dx.doi.org/10.1007/s11306-014-0624-3
http://dx.doi.org/10.1111/plb.12305
http://www.ncbi.nlm.nih.gov/pubmed/25622534
http://dx.doi.org/10.1080/19440049.2013.859743
http://www.ncbi.nlm.nih.gov/pubmed/24405210
http://dx.doi.org/10.1002/anie.201207456
http://www.ncbi.nlm.nih.gov/pubmed/23281040
http://dx.doi.org/10.1111/j.1364-3703.2006.00338.x
http://www.ncbi.nlm.nih.gov/pubmed/20507448
http://dx.doi.org/10.3389/fmicb.2014.00384
http://www.ncbi.nlm.nih.gov/pubmed/25132833
http://dx.doi.org/10.1016/j.agrformet.2013.09.011
http://dx.doi.org/10.1021/es9606236

Toxins 2018, 10, 187 19 of 22

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gupta, S.K.; Maggon, K K.; Venkitasubramanian, T.A. Regulation of aflatoxin biosynthesis. 2 Comparative
study of tricarboxylic acid cycle in aflatoxigenic and non-aflatoxigenic strains of Aspergillus flavus. Microbios
1977, 19, 7-15. [PubMed]

Cleveland, T.E.; Lax, A.R,; Lee, L.S.; Bhatnagar, D. Appearance of enzyme activities catalyzing conversion of
sterigmatocystin to aflatoxin B1 in late-growth-phase Aspergillus parasiticus cultures. Appl. Environ. Microbiol.
1987, 53, 1711-1713. [PubMed]

Mateles, R.I.; Adye, J.C. Production of aflatoxins in submerged culture. Appl. Environ. Microbiol. 1965,
13,208-211.

Lasram, S.; Hamdi, Z.; Chenenaoui, S.; Mliki, A.; Ghorbel, A. Comparative study of toxigenic potential of
Aspergillus flavus and Aspergillus niger isolated from barley as affected by temperature, water activity and
carbon source. J. Stored Prod. Res. 2016, 69, 58-64. [CrossRef]

Manda, A.; Naidu, B.P.; Nageswararao, C.R.; Graeme, W.; Shu, F. Aflatoxins and their relationship with
sugars in peanut (Arachis hypogaea L.). In The 4th International Crop Science Congress; International Crop
Science Congress: Brisbane, Australia, 2004.

Woloshuk, C.P.; Cavaletto, ].R.; Cleveland, T.E. Inducers of aflatoxin biosynthesis from colonized maize
kernels are generated by an amylase activity from Aspergillus flavus. Phytopathology 1997, 87, 164-169.
[CrossRef] [PubMed]

Gentinetta, E.; Zambello, M.; Salamini, F. Free sugars in developing maize grain. Cereal Chem. 1979, 56, 81-83.
Severns, D.E.; Clements, M.].; Lambert, R.J.; White, D.G. Comparison of Aspergillus ear rot and aflatoxin
contamination in grain of high-oil and normal-oil corn hybrids. J. Food Prot. 2003, 66, 637-643. [CrossRef]
[PubMed]

Loesch, A.; Hutwimmer, S.; Strasser, H. Carbon utilization pattern as a potential quality control criterion for
virulence of Beauveria brongniartii. J. Invertebr. Pathol. 2010, 104, 58-65. [CrossRef] [PubMed]

Sinha, A K.; Hoffman, M.G.; Romer, U.; Kockenberger, W.; Elling, L.; Roitsch, T. Metabolizable and
non-metabolizable sugars activate different signal transduction pathways in tomato. Plant Physiol. 2002, 128,
1480-1489. [CrossRef] [PubMed]

Mellon, J.E.; Cotty, PJ.; Dowd, M.K. Influence of lipids with and without other cottonseed reserve materials
on aflatoxin B1 production by Aspergillus flavus. ]. Agric. Food Chem. 2000, 48, 3611-3615. [CrossRef]
[PubMed]

Fillinger, S.; Chaveroche, M.-K.; Van Dijck, P.; De Vries, R.; Ruijter, G.; Thevelein, J.; D’enfert, C. Trehalose is
required for the acquisition of tolerance to a variety of stresses in the filamentous fungus Aspergillus nidulans.
Microbiology 2001, 147, 1851-1862. [CrossRef] [PubMed]

Ni, M.; Yu, J. A novel regulator couples sporogenesis and trehalose biogenesis in Aspergillus nidulans.
PLoS ONE 2007, 2, 1-9. [CrossRef] [PubMed]

Yu, J.; Chang, PK,; Ehrlich, K.C.; Cary, ] W.; Bhatnagar, D.; Cleveland, T.E.; Payne, G.A; Linz, J.E,;
Woloshuk, C.P;; Bennett, ].W. Clustered Pathway Genes in Aflatoxin Biosynthesis. Appl. Environ. Microbiol.
2004, 70, 1253-1262. [CrossRef] [PubMed]

Daryaei, A.; Jones, E.E.; Alizadeh, H.; Glare, T.R.; Falloon, R.E. Biochemical characteristics of Trichoderma
atroviride associated with conidium fitness for biological control. Biocontrol. Sci. Technol. 2016, 26, 189-205.
[CrossRef]

Guo, B.; Chen, Z.-Y.; Lee, R.D.; Scully, B.T. Drought stress and preharvest aflatoxin contamination in
agricultural commodity: Genetics, genomics and proteomics. |. Integr. Plant Biol. 2008, 50, 1281-1291.
[CrossRef] [PubMed]

Zhou, M.-L.; Zhang, Q.; Sun, Z.-M.; Chen, L.-H,; Liu, B.-X,; Zhang, K.-X.; Zhu, X.-M,; Shao, ].-R.; Tang, Y.-X,;
Wu, Y.-M. Trehalose metabolism-related genes in maize. J. Plant Growth Regul. 2013, 33, 256-271. [CrossRef]
Yu, J.; Woloshuk, C.P; Bhatnagar, D.; Cleveland, T.E. Cloning and characterization of avfA and omtB genes
involved in aflatoxin biosynthesis in three Aspergillus species. Gene 2000, 248, 157-167. [CrossRef]

Chang, PK.; Horn, B.W.; Dorner, ].W. Sequence breakpoints in the aflatoxin biosynthesis gene cluster
and flanking regions in nonaflatoxigenic Aspergillus flavus isolates. Fungal Genet. Biol. 2005, 42, 914-923.
[CrossRef] [PubMed]

Donner, M.; Atehnkeng, J.; Sikora, R.A.; Bandyopadhyay, R.; Cotty, P.J. Molecular characterization of
atoxigenic strains for biological control of aflatoxins in Nigeria. Food Addit. Contam. 2010, 27, 576-590.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/99644
http://www.ncbi.nlm.nih.gov/pubmed/3116930
http://dx.doi.org/10.1016/j.jspr.2016.06.002
http://dx.doi.org/10.1094/PHYTO.1997.87.2.164
http://www.ncbi.nlm.nih.gov/pubmed/18945137
http://dx.doi.org/10.4315/0362-028X-66.4.637
http://www.ncbi.nlm.nih.gov/pubmed/12696688
http://dx.doi.org/10.1016/j.jip.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20123102
http://dx.doi.org/10.1104/pp.010771
http://www.ncbi.nlm.nih.gov/pubmed/11950996
http://dx.doi.org/10.1021/jf0000878
http://www.ncbi.nlm.nih.gov/pubmed/10956158
http://dx.doi.org/10.1099/00221287-147-7-1851
http://www.ncbi.nlm.nih.gov/pubmed/11429462
http://dx.doi.org/10.1371/journal.pone.0000970
http://www.ncbi.nlm.nih.gov/pubmed/17912349
http://dx.doi.org/10.1128/AEM.70.3.1253-1262.2004
http://www.ncbi.nlm.nih.gov/pubmed/15006741
http://dx.doi.org/10.1080/09583157.2015.1086312
http://dx.doi.org/10.1111/j.1744-7909.2008.00739.x
http://www.ncbi.nlm.nih.gov/pubmed/19017115
http://dx.doi.org/10.1007/s00344-013-9368-y
http://dx.doi.org/10.1016/S0378-1119(00)00126-8
http://dx.doi.org/10.1016/j.fgb.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16154781
http://dx.doi.org/10.1080/19440040903551954
http://www.ncbi.nlm.nih.gov/pubmed/20455156

Toxins 2018, 10, 187 20 of 22

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Medina, A.; Schmidt-Heydt, M.; Rodriguez, A.; Parra, R.; Geisen, R.; Magan, N. Impacts of environmental
stress on growth, secondary metabolite biosynthetic gene clusters and metabolite production of
xerotolerant/xerophilic fungi. Curr. Genet. 2015, 61, 325-334. [CrossRef] [PubMed]

Nesci, A.; Etcheverry, M.; Magan, N. Osmotic and matric potential effects on growth, sugar alcohol and
sugar accumulation by Aspergillus section Flavi strains from Argentina. J. Appl. Microbiol. 2004, 96, 965-972.
[CrossRef] [PubMed]

Mellon, J.E.; Dowd, M.K,; Cotty, PJ. Time course study of substrate utilization by Aspergillus flavus in medium
simulating corn (Zea mays) kernels. ]. Agric. Food Chem. 2002, 50, 648—652. [CrossRef] [PubMed]

Kebede, H.; Abbas, H.K.; Fisher, D.K.; Bellaloui, N. Relationship between aflatoxin contamination and
physiological responses of corn plants under drought and heat stress. Toxins 2012, 4, 1385-1403. [CrossRef]
[PubMed]

Baidya, S.; Duran, R.M.; Lohmar, ].M.; Harris-Coward, P.Y.; Cary, ] W.; Hong, S.Y.; Roze, L.V,; Linz, J.E.;
Calvo, A.M. VeA is associated with the response to oxidative stress in the aflatoxin producer Aspergillus flavus.
Eukaryot. Cell 2014, 13, 1095-1103. [CrossRef] [PubMed]

Buchanan, R.L.; Stahl, H.G. bility of various carbon sources to induce and support aflatoxin synthesis by
Aspergillus parasiticus. ]. Food Saf. 1984, 6, 271-279. [CrossRef]

Buchanan, R.L.; Ayres, J.C. Effect of various glycolytic and TCA intermediates on aflatoxin production.
J. Food Saf. 1977, 1, 19-28. [CrossRef]

Downes, C.P.; Macphee, C.H. Myo-inositol metabolites as cellular signals. Eur. J. Biochem. 1990, 193, 1-18.
[CrossRef] [PubMed]

Dolezal, A.L. Interactions between Aspergillus flavus and the Developing Maize Kernel. Ph.D. Thesis, North
Carolina State University, Raleigh, NC, USA, 2010.

Cherry, J.P.,; Young, C.T.; Beuchat, L.R. Changes in proteins and free and total amino acids of peanuts
(Arachis hypogaea) infected with Aspergillus parasiticus. Can. J. Bot. 1975, 53, 2639-2649. [CrossRef]

Chang, PK.; Hua, S.5.T; Sarreal, S5.B.L.; Li, R.W. Suppression of aflatoxin biosynthesis in Aspergillus flavus by
2-phenylethanol is associated with stimulated growth and decreased degradation of branched-chain amino
acids. Toxins 2015, 7, 3887-3902. [CrossRef] [PubMed]

Payne, G.A.; Hagler, W. Effect of specific amino acids on growth and aflatoxin production by
Aspergillus parasiticus and Aspergillus flavus in defined media. Appl. Environ. Microbiol. 1983, 46, 805-812.
[PubMed]

Groppa, M.D.; Benavides, M.P. Polyamines and abiotic stress: Recent advances. Amino Acids 2008, 34, 35-45.
[CrossRef] [PubMed]

Yoshiba, Y.; Kiyosue, T.; Katagiri, T.; Ueda, H.; Mizoguchi, T.; Yamaguchi-Shinozaki, K.; Wada, K.; Harada, Y.;
SHINOZAKI, K. Correlation between the induction of a gene for delta 1-pyrroline-5-carboxylate synthetase
and the accumulation of proline in Arabidopsis thaliana under osmotic stress. Plant J. 1995, 7, 751-760.
[CrossRef] [PubMed]

Sun, C.; Gao, X.; Chen, X,; Fu, J.; Zhang, Y. Metabolic and growth responses of maize to successive drought
and re-watering cycles. Agric. Water Manag. 2016, 172, 62-73. [CrossRef]

Yanagita, T. Biochemical aspects on the germination of conidiospores of Aspergillus niger. Arch. Mikrobiol.
1957, 26, 329-344. [CrossRef] [PubMed]

Davis, N.D.; Diener, U.L.; Agnihotri, V.P. Production of aflatoxins Bl and G1 in chemically defined medium.
Mycopathol. Mycol. Appl. 1967, 31, 251-256. [CrossRef] [PubMed]

Reddy, T.; Viswanathan, L.; Venkitasubramanian, T.A. Factors affecting aflatoxin production by
Aspergillus parasiticus in a chemically defined medium. Microbiology 1979, 114, 409-413. [CrossRef] [PubMed]
Bouché, N.; Fromm, H. GABA in plants: Just a metabolite? Trends Plant Sci. 2004, 9, 110-115. [CrossRef]
[PubMed]

Oliver, R.P,; Solomon, P.S. Does the oxidative stress used by plants for defence provide a source of nutrients
for pathogenic fungi? Trends Plant Sci. 2004, 9, 472-473. [CrossRef] [PubMed]

Bolton, M.D. Primary metabolism and plant defense-fuel for the fire. Mol. Plant-Microbe Interact. 2009,
22,487-497. [CrossRef] [PubMed]

Kim, N.Y;; Ji, G.E. Characterization of soybean fermented by aflatoxin non-producing Aspergillus oryzae
and y-aminobutyric acid producing Lactobacillus brevis. |. Korean Soc. Appl. Biol. Chem. 2014, 57, 703—708.
[CrossRef]


http://dx.doi.org/10.1007/s00294-014-0455-9
http://www.ncbi.nlm.nih.gov/pubmed/25381155
http://dx.doi.org/10.1111/j.1365-2672.2004.02246.x
http://www.ncbi.nlm.nih.gov/pubmed/15078512
http://dx.doi.org/10.1021/jf011048e
http://www.ncbi.nlm.nih.gov/pubmed/11804543
http://dx.doi.org/10.3390/toxins4111385
http://www.ncbi.nlm.nih.gov/pubmed/23202322
http://dx.doi.org/10.1128/EC.00099-14
http://www.ncbi.nlm.nih.gov/pubmed/24951443
http://dx.doi.org/10.1111/j.1745-4565.1984.tb00488.x
http://dx.doi.org/10.1111/j.1745-4565.1977.tb00256.x
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19297.x
http://www.ncbi.nlm.nih.gov/pubmed/2171926
http://dx.doi.org/10.1139/b75-293
http://dx.doi.org/10.3390/toxins7103887
http://www.ncbi.nlm.nih.gov/pubmed/26404375
http://www.ncbi.nlm.nih.gov/pubmed/6416168
http://dx.doi.org/10.1007/s00726-007-0501-8
http://www.ncbi.nlm.nih.gov/pubmed/17356805
http://dx.doi.org/10.1046/j.1365-313X.1995.07050751.x
http://www.ncbi.nlm.nih.gov/pubmed/7773306
http://dx.doi.org/10.1016/j.agwat.2016.04.016
http://dx.doi.org/10.1007/BF00407583
http://www.ncbi.nlm.nih.gov/pubmed/13435800
http://dx.doi.org/10.1007/BF02053422
http://www.ncbi.nlm.nih.gov/pubmed/6031300
http://dx.doi.org/10.1099/00221287-114-2-409
http://www.ncbi.nlm.nih.gov/pubmed/541661
http://dx.doi.org/10.1016/j.tplants.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15003233
http://dx.doi.org/10.1016/j.tplants.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15465680
http://dx.doi.org/10.1094/MPMI-22-5-0487
http://www.ncbi.nlm.nih.gov/pubmed/19348567
http://dx.doi.org/10.1007/s13765-014-4227-5

Toxins 2018, 10, 187 21 of 22

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Van Buskirk, J.J.; Kirsch, WM.; Kleyer, D.L.; Barkley, R.M.; Koch, T.H. Aminomalonic acid: Identification in
Escherichia coli and atherosclerotic plaque. Proc. Natl. Acad. Sci. USA 1984, 81, 722-725. [CrossRef] [PubMed]
Copley, S.D.; Frank, E.; Kirsch, WM.; Koch, T.H. Detection and possible origins of aminomalonic acid in
protein hydrolysates. Anal. Biochem. 1992, 201, 152-157. [CrossRef]

Ahmed, M.U.; Thorpe, S.R.; Baynes, ].W. Identification of N epsilon-carboxymethyllysine as a degradation
product of fructoselysine in glycated protein. J. Biol. Chem. 1986, 261, 4889—4894. [PubMed]

Harding, ].J.; Hassett, P.; Rixon, K.C.; Bron, A.J.; Harvey, D.]. Sugars including erythronic and threonic acids
in human aqueous humour. Curr. Eye Res. 1999, 19, 131-136. [CrossRef] [PubMed]

Kim, ].H.; Campbell, B.C.; Molyneux, R.; Mahoney, N.; Chan, K.L.; Yu, J.; Wilkinson, J.; Cary, J.; Bhatnagar, D.;
Cleveland, T.E. Gene targets for fungal and mycotoxin control. Mycotoxin Res. 2006, 22, 3-8. [CrossRef]
[PubMed]

Maggon, K.; Gupta, S.; Venkitasubramanian, T. Biosynthesis of aflatoxins. Bacteriol. Rev. 1977, 41, 822-855.
[PubMed]

Challenger, F.; Subramaniam, V.; Walker, T.K. The mechanism of the formation of citric and oxalic acids from
sugars by Aspergillus niger. Part I. |. Chem. Soc. 1927, 200-208. [CrossRef]

Strijbis, K.; Distel, B. Intracellular acetyl unit transport in fungal carbon metabolism. Eukaryot Cell 2010,
9, 1809-1815. [CrossRef] [PubMed]

Varsha, K.K; Devendra, L.; Shilpa, G.; Priya, S.; Pandey, A.; Nampoothiri, K.M. 2,4-Di-tert-butyl phenol as
the antifungal, antioxidant bioactive purified from a newly isolated Lactococcus sp. Int. J. Food Microbiol.
2015, 211, 44-50. [CrossRef] [PubMed]

Sang, M.K.; Kim, J.D.; Kim, B.S.; Kim, K.D. Root treatment with rhizobacteria antagonistic to Phytophthora
blight affects anthracnose occurrence, ripening, and yield of pepper fruit in the plastic house and field.
Phytopathology 2011, 101, 666—678. [CrossRef] [PubMed]

Dharni, S.; Sanchita; Maurya, A.; Samad, A.; Srivastava, S.K.; Sharma, A.; Patra, D.D. Purification,
characterization, and invitro activity of 2,4-Di-tert-butylphenol from Pseudomonas monteilii PsF84:
Conformational and molecular docking studies. J. Agric. Food Chem. 2014, 62, 6138-6146. [CrossRef]
[PubMed]

Qu, X.; Wang, J. Effect of amendments with different phenolic acids on soil microbial biomass, activity, and
community diversity. Appl. Soil Ecol. 2008, 39, 172-179. [CrossRef]

Choi, SJ.; Kim, J.K.,; Kim, H.K.; Harris, K,; Kim, C.-]J.; Park, G.G.; Park, C.-S.; Shin, D.-H.
2 4-Di-tert-butylphenol from sweet potato protects against oxidative stress in PC12 cells and in mice.
J. Med. Food 2013, 16, 977-983. [CrossRef] [PubMed]

Dunlap, F.G.; White, PJ.; Pollak, L.M.; Brumm, T.]J. Fatty acid composition of oil from adapted, elite corn
breeding materials. J. Am. Oil Chem. Soc. 1995, 72, 981-987. [CrossRef]

White, PJ.; Pollak, L.M.; Duvick, S. Improving the fatty acid composition of corn oil by using germplasm
introgression. Lipid Technol. 2007, 19, 35-38. [CrossRef]

Canavar, O.; Kaynak, M.A. Prevention of pre-harvest aflatoxin production and the effect of different harvest
times on peanut (Arachis hypogaea L.) fatty acids. Food Addit. Contam. 2013, 30, 1807-1818. [CrossRef]
[PubMed]

Zain, M. Effect of olive oil on secondary metabolite and fatty acid profiles of Penicillium expansum,
Aspergillus flavus, A. parasiticus and A. ochraceus. Aust. J. Basic Appl. Sci. 2009, 3, 4274-4280.

Farag, R.S.; Youssef, A.M.; Khalil, F.A.; Taha, R.A. The lipids of various fungi grown on an artificial medium.
J. Am. Oil Chem. Soc. 1981, 58, 765-768. [CrossRef]

Kumar, AK,; Vatsyayan, P, Goswami, P. Production of lipid and fatty acids during growth of
Aspergillus terreus on hydrocarbon substrates. Appl. Biochem. Biotechnol. 2010, 160, 1293-1300. [CrossRef]
[PubMed]

Deepthi, B.V.; Poornachandra Rao, K.; Chennapa, G.; Naik, M.K.; Chandrashekara, K.T.; Sreenivasa, M.Y.
Antifungal attributes of Lactobacillus plantarum MYS6 against fumonisin producing Fusarium proliferatum
associated with poultry feeds. PLoS ONE 2016, 11, e0155122. [CrossRef] [PubMed]

Vergopoulou, S.; Galanpoulou, D.; Markaki, P. Methyl jasmonate stimulates aflatoxin Bl biosynthesis by
Aspergillus parasiticus. J. Agric. Food Chem. 2001, 49, 3494-3498. [CrossRef] [PubMed]

Priyadarshini, E.; Tulpule, P. Effect of free fatty acids on aflatoxin production in a synthetic medium.
Food Cosmet. Toxicol. 1980, 18, 367-369. [CrossRef]


http://dx.doi.org/10.1073/pnas.81.3.722
http://www.ncbi.nlm.nih.gov/pubmed/6366787
http://dx.doi.org/10.1016/0003-2697(92)90188-D
http://www.ncbi.nlm.nih.gov/pubmed/3082871
http://dx.doi.org/10.1076/ceyr.19.2.131.5334
http://www.ncbi.nlm.nih.gov/pubmed/10420182
http://dx.doi.org/10.1007/BF02954550
http://www.ncbi.nlm.nih.gov/pubmed/23605494
http://www.ncbi.nlm.nih.gov/pubmed/23090
http://dx.doi.org/10.1039/JR9270000200
http://dx.doi.org/10.1128/EC.00172-10
http://www.ncbi.nlm.nih.gov/pubmed/20889721
http://dx.doi.org/10.1016/j.ijfoodmicro.2015.06.025
http://www.ncbi.nlm.nih.gov/pubmed/26164257
http://dx.doi.org/10.1094/PHYTO-08-10-0224
http://www.ncbi.nlm.nih.gov/pubmed/21405997
http://dx.doi.org/10.1021/jf5001138
http://www.ncbi.nlm.nih.gov/pubmed/24934765
http://dx.doi.org/10.1016/j.apsoil.2007.12.007
http://dx.doi.org/10.1089/jmf.2012.2739
http://www.ncbi.nlm.nih.gov/pubmed/24074359
http://dx.doi.org/10.1007/BF02660709
http://dx.doi.org/10.1002/lite.200600009
http://dx.doi.org/10.1080/19440049.2013.818720
http://www.ncbi.nlm.nih.gov/pubmed/23889477
http://dx.doi.org/10.1007/BF02887318
http://dx.doi.org/10.1007/s12010-009-8669-x
http://www.ncbi.nlm.nih.gov/pubmed/19507060
http://dx.doi.org/10.1371/journal.pone.0155122
http://www.ncbi.nlm.nih.gov/pubmed/27285317
http://dx.doi.org/10.1021/jf010074+
http://www.ncbi.nlm.nih.gov/pubmed/11453798
http://dx.doi.org/10.1016/0015-6264(80)90191-1

Toxins 2018, 10, 187 22 of 22

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Gao, X.; Kolomiets, M. V Host-derived lipids and oxylipins are crucial signals in modulating mycotoxin
production by fungi. Toxin Rev. 2009, 28, 79-88. [CrossRef]

Jellum, M.; Widstrom, N. Inheritance of stearic acid in germ oil of the maize kernel. ]. Hered. 1983, 74, 383-384.
[CrossRef]

Alrefai, R.; Berke, T.G.; Rocheford, T.R. Quantitative trait locus analysis of fatty acid concentrations in maize.
Genome 1995, 38, 894-901. [CrossRef] [PubMed]

Hamid, A.B.; Smith, ].E. Effect of exogenous lipids on growth and aflatoxin production by Aspergillus flavus.
Trans. Br. Mycol. Soc. 1987, 89, 384-387. [CrossRef]

Yan, S.; Liang, Y.; Zhang, J.; Chen, Z.; Liu, C.-M. Autoxidated linolenic acid inhibits aflatoxin biosynthesis in
Aspergillus flavus via oxylipin species. Fungal Genet. Biol. 2015, 81, 229-237. [CrossRef] [PubMed]

Hibbard, B.E.; Bernklau, E.J.; Bjostad, L.B. Long-chain free fatty acids: Semiochemicals for host location by
western corn rootworm larvae. J. Chem. Ecol. 1994, 20, 3335-3344. [CrossRef] [PubMed]

Gornas, P; Rudzinska, M.; Racyk, M.; Soliven, A. Lipophilic bioactive compounds in the oils recovered from
cereal by-products. J. Sci. Food Agric. 2016, 96, 3256-3265. [CrossRef] [PubMed]

Ekmay, R.D.; Papineni, S.; Herman, R.A. Crop composition, nutritional context, and suitability of animal
studies. In Genetically Modified Organisms in Food: Production, Safety, Regulation and Public Health; Watson, R.R.,
Preedy, V.R., Eds.; Elsevier: San Diego, CA, USA, 2016.

Monsanto Safety assessment of Roundup Ready® Corn event GA21. Safety Summaries. Available online:
http:/ /www.monsanto.com/products/documents/safety-summaries/corn_pss_ga2l.pdf (accessed on
18 August 2016).

Fanelli, C.; Fabbri, A.A. Relationship between lipids and aflatoxin biosynthesis. Mycopathologia 1989,
197,115-120. [CrossRef]

Lori, AM.-H.; Richard, A.W.; Nancy, PK. Fundamental contribution of [beta]-oxidation to polyketide
mycotoxin production in planta. Mol. Plant.-Microbe Interact. 2005, 18, 783-793.

Sheridan, K.J.; Dolan, S.K.; Doyle, S. Endogenous cross-talk of fungal metabolites. Front. Microbiol. 2015,
5,1-22. [CrossRef] [PubMed]

Brodhagen, M.; Tsitsigiannis, D.I.; Hornung, E.; Goebel, C.; Feussner, I.; Keller, N.P. Reciprocal
oxylipin-mediated cross-talk in the Aspergillus—seed pathosystem. Mol. Microbiol. 2008, 67, 378-391.
[CrossRef] [PubMed]

Wee, J.; Day, D.M.; Linz, ].E. Effects of zinc chelators on aflatoxin production in Aspergillus parasiticus. Toxins
2016, 8, 171. [CrossRef] [PubMed]

Hayes, K. Potting Media; Potting media used in UQ glasshouses, 2014.

Nielsen, R.L. Grain Fill Stages in Corn. Corny News Network. Available online: https://www.agry.purdue.
edu/ext/corn/news/timeless/GrainFill.html (accessed on 29 July 2016).

Baker, ].M.; Hawkins, N.D.; Ward, J.L.; Lovegrove, A.; Napier, J.A.; Shewry, PR.; Beale, M.H. A metabolomic
study of substantial equivalence of field-grown genetically modified wheat. Plant Biotechnol. |. 2006, 4,
381-392. [CrossRef] [PubMed]

Sangster, T.; Major, H.; Plumb, R.; Wilson, A.]J.; Wilson, L.D. A pragmatic and readily implemented quality
control strategy for HPLC-MS and GC-MS-based metabonomic analysis. Analyst 2006, 131, 1075-1078.
[CrossRef] [PubMed]

Hodson, M.P,; Dear, G.J.; Griffin, J.L.; Haselden, J.N. An approach for the development and selection
of chromatographic methods for high-throughput metabolomic screening of urine by ultra pressure
LC-ESI-ToF-MS. Metabolomics 2009, 5, 166-182. [CrossRef]

Falade, T.D.O.; Syed Mohdhamdan, S.H.; Sultanbawa, Y.; Fletcher, M.; Harvey, ].J.W.; Chaliha, M.; Fox, G.P.
In vitro experimental environments lacking or containing soil disparately affect competition experiments of
Aspergillus flavus and co-occurring fungi in maize grains. Food Addit. Contam. 2016, 33, 1241-1253. [CrossRef]
[PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/15569540802420584
http://dx.doi.org/10.1093/oxfordjournals.jhered.a109817
http://dx.doi.org/10.1139/g95-118
http://www.ncbi.nlm.nih.gov/pubmed/18470215
http://dx.doi.org/10.1016/S0007-1536(87)80123-7
http://dx.doi.org/10.1016/j.fgb.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25498164
http://dx.doi.org/10.1007/BF02033730
http://www.ncbi.nlm.nih.gov/pubmed/24241996
http://dx.doi.org/10.1002/jsfa.7511
http://www.ncbi.nlm.nih.gov/pubmed/26522347
http://www.monsanto.com/products/documents/safety-summaries/corn_pss_ga21.pdf
http://dx.doi.org/10.1007/BF00707547
http://dx.doi.org/10.3389/fmicb.2014.00732
http://www.ncbi.nlm.nih.gov/pubmed/25601857
http://dx.doi.org/10.1111/j.1365-2958.2007.06045.x
http://www.ncbi.nlm.nih.gov/pubmed/18181962
http://dx.doi.org/10.3390/toxins8060171
http://www.ncbi.nlm.nih.gov/pubmed/27271668
https://www.agry.purdue.edu/ext/corn/news/timeless/GrainFill.html
https://www.agry.purdue.edu/ext/corn/news/timeless/GrainFill.html
http://dx.doi.org/10.1111/j.1467-7652.2006.00197.x
http://www.ncbi.nlm.nih.gov/pubmed/17177804
http://dx.doi.org/10.1039/b604498k
http://www.ncbi.nlm.nih.gov/pubmed/17003852
http://dx.doi.org/10.1007/s11306-008-0135-1
http://dx.doi.org/10.1080/19440049.2016.1198048
http://www.ncbi.nlm.nih.gov/pubmed/27264786
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Crop Development 
	Grain Colonisation with Fungal Spores 
	Aflatoxin Levels 
	Polar Metabolites Identification 
	Stepwise Discriminant Analysis 
	Linear Discriminant Analysis 


	Discussion 
	Sugars 
	Sugar Alcohols 
	Polar Acids 
	Amino Acids 
	Other Metabolites 
	Fatty Acid Methyl Esters (FAME) Identification 


	Conclusions 
	Materials and Methods 
	Crop Development 
	Grain Colonisation with Fungal Spores 
	Chemical Analyses 
	Sample Preparation and Extraction for Metabolomics Analysis 
	Polar Phase GC-MS Metabolomics Analysis 
	Non-Polar Phase GC-MS Fatty Acid Methyl Ester (FAME) Metabolomics Analysis 
	GC-MS Data Processing 
	Extraction and Analysis of Aflatoxins 

	Statistical Analyses of Aflatoxin and Metabolite Levels 

	References

