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Abstract: Fungal pathogens capable of producing mycotoxins are one of the main threats to the
cultivation of cereals and the safety of the harvested kernels. Improving the resistance of crops to
fungal disease and accumulation of mycotoxins is therefore a crucial issue. Achieving this goal
requires a deep understanding of plant defense mechanisms, most of them involving specialized
metabolites. However, while numerous studies have addressed the contribution of phenylpropanoids
and carotenoids to plant chemical defense, very few have dealt with tocochromanols. Tocochromanols,
which encompass tocopherols and tocotrienols and constitute the vitamin E family, are widely
distributed in cereal kernels; their biosynthetic pathway has been extensively studied with the aim to
enrich plant oils and combat vitamin E deficiency in humans. Here we provide strong assumptions
arguing in favor of an involvement of tocochromanols in plant-fungal pathogen interactions. These
assumptions are based on both direct effects resulting from their capacity to scavenge reactive oxygen
species, including lipid peroxyl radicals, on their potential to inhibit fungal growth and mycotoxin
yield, and on more indirect effects mainly based on their role in plant protection against abiotic
stresses.
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1. Introduction

For billions of people around the world, cereals provide the most accessible source
of energy and are the principal components of the diet. Cereals rank among the most
widespread crops worldwide. In 2020, world cereal production amounted to over 2650 Mt;
this production is projected to expand by 375 Mt to reach more than 3000 Mt in 2029 [1].
Cereal production can, however, be injured by various types of stress, both abiotic and
biotic, whose combined effect can adversely affect yield performance and grain quality.
The main abiotic stresses that plants have to face include extreme temperatures, drought,
salinity, and soil nutrient limitations. Regarding biotic stresses, viruses, fungi, bacteria,
weeds, insects, and other pests can lead to more than 20% crop yield losses, as illustrated
by the recent survey published by Savary et al. [2]. In addition to direct yield losses, some
fungal species infecting cereals can also produce mycotoxins that are harmful to humans
and livestock and pose potential health threats. The major mycotoxin-producing fungal
genera are Aspergillus (producer of aflatoxins and ochratoxins), Fusarium (producer of
trichothecenes, zearalenone, and fumonisins), and Penicillium (producer of ochratoxins).
Whereas in northern countries, Aspergillus and Penicillium species are commonly considered
as storage fungi since they usually invade grains during storage, Fusarium species most
frequently invade the grains before harvest while the crop is still in the field. Actually,
Fusarium head blight in small grain cereals and Giberella ear rot and Fusarium ear rot in
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maize, are all three caused by Fusarium species and are major devastating diseases that are
extremely challenging to control.

To cope with such a diversity of biotic and abiotic stresses, plants have evolved multi-
ple defense mechanisms, several of them relying on secondary (or specialized) metabolites
and hormones [3]. Plant secondary metabolites are divided into three major groups: phenyl-
propanoids, terpenoids, and N- and S-containing compounds. Phenylpropanoids, both
flavonoids and non-flavonoid compounds, have been the most widely studied for their
contribution to plant defense mechanisms [4]. Phenylpropanoids have been proven to
play a central role in plant defense through their capacity to minimize the generation of
reactive oxygen species (ROS) and to quench ROS once they are formed and therefore
protect plants from oxidative damage [5]. In addition, many phenylpropanoids have been
shown to possess antibacterial and antifungal properties, to act as plant defense system
mediators and, for some of them, as precursors of physical defense processes such as cell
wall lignification [6]. Indeed, lignin and lignans that are responsible of cell wall thicken-
ing are nearly exclusively based on phenylpropanoid units derived from the oxidative
polymerization of hydroxycinnamoyl alcohol derivatives [7]. Moreover, in addition to
displaying antifungal properties, several phenylpropanoids can affect the production of
mycotoxins. There is notably a large body of evidence that supports the inhibitory activities
of hydroxycinnamic acid derivatives, mainly p-coumaric, ferulic, caffeic, and chlorogenic
acids, towards the biosynthesis of various mycotoxins including deoxynivalenol, type
A trichothecenes, fumonisins, and aflatoxins [8]. Some flavonoids (e.g., naringenin and
quercetin) have also been shown to exert an inhibitory effect on mycotoxin production,
such as type B trichothecenes [9]. In addition to phenylpropanoids, plant-specialized ter-
penoids are also considered as key chemical mediators of abiotic and biotic interactions [10].
Terpenoids are the largest class of secondary metabolites in plants, characterized by a
high diversity of physical and chemical properties, including hydrophilic, lipophilic, and
volatile or non-volatile metabolites. Much attention has been paid to the role of the volatile
fraction of terpenoids, predominantly consisting of hemiterpenoids, monoterpenoids and
sesquiterpenoids, in controlling pests [11]. Additionally, some volatile compounds, such as
linalool derivatives, have been shown to be released by plant tissues in response to fungal
infection and to act as antifungal agents [9]. An antifungal and antimicrobial activity has
also been demonstrated for some non-volatile diterpenoids, such as phytocassane, which
can disrupt microbial membranes [12]. In addition, there is a large body of evidence for
an active and important role of abscisic acid, a sesquiterpenoid plant hormone, in plant-
pathogen interactions. This role can be related to its regulatory effect on callose deposition,
which provides physical barriers against plant fungal pathogens and to its capacity to
control stomatal aperture [13]. Moreover, abscisic acid has been proven to interact with
the ethylene signaling pathway and to counteract the spread of some necrotrophic fungal
pathogens that exploit the ethylene signaling pathway to enhance colonization of plant tis-
sues [14]. In addition to their role in the biosynthesis of abscisic acid, carotenoids, a group of
tetraterpenoids, possess strong antioxidant capacities and are capable of quenching various
ROS and, notably, the lipid peroxyl radical (LOOe), thus providing plant cell membrane
protection [15]. As demonstrated for capsanthin and capsorubin [16], plant carotenoids
are also likely to act as antifungal and antimycotoxin agents. Similarly, tocochromanols
are plant compounds with a strong antioxidant potential. The biosynthesis of this class
of compounds draws on metabolites from the terpenoid and shikimate pathways. To-
cochromanols are acknowledged to efficiently quench singlet oxygen and scavenge various
radicals, especially lipid peroxyl radicals derived from polyunsaturated fatty acids, thereby
terminating lipid peroxidation chain reactions [17]. However, notwithstanding their potent
antioxidant activity, their ecological role in plant defense mechanisms has been much less
studied and mainly restricted to a contribution to resistance to abiotic stresses [18-22].
Regarding tolerance to light stress, the protective role of tocochromanols, which are lo-
cated in photosynthetic membranes, has been ascribed to their capacity to scavenge singlet
oxygen produced in the photosystem II triplet [23]. Their contribution to drought stress
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tolerance has been related to their capacity to affect the fluidity of thylakoids or to alter
intracellular signaling by modulating jasmonic acid synthesis [18]. Such physiological
roles of tocochromanols strongly argue in favor of a key contribution of this class of as yet
scarcely studied compounds in plant—pathogen interactions.

The aim of this review is to gather the most recent knowledge on tocochromanols in
cereals and to highlight recent insights that support the key role this class of compounds
could play in the mechanisms cereals employ to cope with biotic stresses, notably with the
threat represented by toxigenic fungal species.

2. Tocochromanols in Cereals
2.1. Tocochromanol Structure

Tocochromanols encompass tocopherols and tocotrienols and are the main components
of the vitamin E family. They are exclusively synthesized by photosynthetic eukaryotes
and other oxygenic photosynthetic organisms, such as cyanobacteria, and are essential
phytonutrients for mammals. In addition, whereas tocopherols are widely distributed in
higher plants, tocotrienols occur only in some non-photosynthetic tissues including seeds,
roots, and tubers [24]. Their general structure (reported in Figure 1) consists of a polar
chromanol ring and a hydrophobic 16-carbon side chain attached to the ring via the C-2
atom. While tocopherols have fully saturated 16-carbon phytol side-chains, tocotrienols
contain geranylgeranyl side chains with three double bonds in positions C-3, C-7, and C-11.
As indicated in Figure 1, both tocopherols and tocotrienols can occur as four isomers («,
-, v-, and 6-) that differ from each other by the number and position of methyl groups
in the chromanol ring. The x-isomers are tri-methylated in positions 5, 7, and 8, 3- and
v-tocochromanols are di-methylated in position 5 and 8 or in position 7 and 8, respectively,
and 4-isomers are methylated in position 8. The chromanol ring forms the basis for the
high antioxidant potency of tocochromanols, this potency being modulated by the structure
and length of the isoprenoid chains. Actually, tocochromanols are acknowledged as the
lipid-soluble antioxidant metabolites possessing the highest capacity to scavenge free
radicals [25]. This is particularly true for a-isomers, which show the highest antioxidant
activity among tocochromanols.

Tocopherol Tocotrienol

a-forms : R1=R2=R3=CH,

B-forms : R1=R3=CH; ; R2=H
y-forms : R1=H ; R2=R3=CH,
6-forms : R1=R2=H ; R3=CH,4

Figure 1. Tocochromanol structure.

2.2. Tocochromanol Biosynthesis

The biosynthetic pathway of tocochromanols has been well documented and we
strongly encourage the readers to seek out detailed information in comprehensive studies
that have been previously published [24,26-30]. A summary description of this biosyn-
thetic pathway, which starts in the plant cytoplasm for the firsts steps and then takes
place in the plastids [31], is provided in Figure 2. The precursor of the tocochromanol
biosynthesis is the aromatic head group homogentisate that derives from the catabolism
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of tyrosine into p-hydroxyphenylpyruvate under the action of p-hydroxyphenyl pyruvic
acid dioxygenase. The biosynthesis starts with the condensation of homogentisate with
different polyprenyl pyrophosphates that determine the type of tocochromanol, phytyl-
diphosphate for tocopherols and geranygeranyl-diphosphate for tocotrienols. Phytyl-
diphosphate derives from the methylerytrithol phosphate pathway, more precisely from
phytol through the successive action of a phytyl kinase and a phytyl phosphate kinase.
Another pathway leading to the production of phytyl-diphosphate is the phytol-recycling
pathway derived from the chlorophyll degradation [32,33]. Geranylgeranyl diphosphate
is produced from phytyl-diphosphate via a reaction catalyzed by the geranylgeranyl re-
ductase. Prenylation of homogentisate with phytyl-diphosphate that leads to the for-
mation of 2-methyl-6-phytyl-1,4-benzoquinol is allowed by the activity of the homogen-
tisate phytyl transferase. For tocotrienols, the prenylation of homogentisate with ger-
anylgeranyl diphosphate is catalyzed by the homogentisate geranylgeranyl transferase
that is only located in non-photosynthetic tissues and results in the yield of 2-methyl-6-
geranylgeranyl-1,4-benzoquinol [31]. 2-methyl-6-phytyl-1,4-benzoquinol is acted upon by
the tocopherol-cyclase to yield 6-tocopherol or by the 2-methyl-6-phytyl-1,4-benzoquinol-
methyl transferase, leading to the formation of 2,3-dimethyl-6-phytyl-1,4-benzoquinol
and the tocopherol-cyclase to form y-tocopherol. The final step of tocopherol biosynthesis
involves the methylation of 5- and y-tocopherols to their 3- and o- isomers, respectively, un-
der the effect of the y-tocopherol methyltransferase [34]. o-, 3-, - and 'y-Tocotrienols derive
from 2-methyl-6-geranylgeranyl-1,4-benzoquinol, which undergoes the same sequence of
methylation and cyclization as 2-methyl-6-phytyl-1,4-benzoquinol with the involvement of
the 2-methyl-6-geranylgeranyl-1,4-benzoquinol-methyltransferase, the tocopherol-cyclase,
and y-tocopherol methyltransferase.

MEP pathway &lsoprenoid pathway J

%

Phytol
Phytyl kinase

Phytyl phosphate

Shilkimate pathway.

T

Tyrosine
Phytyl phosphate kinase
. Geranylgeranyl reductase . Tyrosine
Phytyl-diphosphate Geranylgeranyl-diphosphate aminotransferase
P-hydroxyphenyl-pyruvic
Homogentisate Homogentisate R s v acid dioxygenase
phytyltransferase mogentlsate Geranylgeranyl transferase Homogentisate P-hydroxyphenylpyruvate
2-methyl-6-geranylgeranyl- 2-methyl-6-geranylgeranyl-
1,4-benzoquinol- 1,4-benzoquinol-
2-methyl-6-phytyl-1,4-  methyliransferase 2 3_dimethyl-6-phytyl- 2-methyl-6-geranylgeranyl- ~ methyllransierase 2 3_dimethyl-6-geranylgeranyl-
benzoquinol 1,4-benzoquinol 1,4-benzoquinol 1,4-benzoquinol
chopheru\-cyclasel Tocopherol-cyclase l Tocopherol-cyclase 1 Tocopherol-cyclase J
O-tocopherol y-tocopherol G-tocotrienol y-tocotrienol
y-tocopherol y-tocopherol y-tocopherol y-tocopherol
methyltransferase methyltransferase methyltransferase methyltransferase
B-tocopherol a-tocopherol B-tocotrienol a-tocotrienol

Figure 2. Tocochromanol biosynthetic pathway.

Knowledge regarding the key genes involved in tocochromanol biosynthesis has ini-
tially focused on Arabidopsis thaliana, being facilitated by the access to Arabidopsis mutant
collections and the possibility to use transgenic plants [35]. These key biosynthetic genes
are reported in Table 1. In various cereal crops, including maize, barley, and rice, linkage
analysis studies of natural variation for tocochromanol levels have led to the identifica-
tion of QTLs containing tocochromanol biosynthetic genes in their support intervals [36].
Many of these studies were conducted with a common objective, i.e., improving breeding
strategies to increase tocochromanol contents and enriching vegetable oils in vitamin E.

Thus, a genome-wide association approach allowed Schuy et al. [37] to identify two
key genes in barley, the homogentisate phytyltransferase (HPT) and the homogentisate
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geranygeranyltransferase (HGGT) genes; these two genes were shown to be located on
chromosome 7H. In maize, candidate genes encoding the core tocochromanol pathway
(ZmVTE genes) have also been characterized [28]. Regarding oats, the coding sequences
of three genes (HPPD, VTE2 and VTE4) have been elucidated [38]. In rice, biosynthetic
genes were first identified by comparative genomics with Arabidopsis thaliana by Chaudary
and Khurana [39], and the function of a few of them (e.g., OsGGR1 and OsGGR2) was
further validated using a transgenic approach [40]. The former studies were completed by
QTL analyses that have led to clarifying the location of OsyTMT—the gene encoding the
v-tocopherol methyltransferase—on chromosome 2 [41].

In addition to genes involved in the biosynthetic pathway, genes or genomic areas
associated with the natural variations of tocochromanols have been identified. As an exam-
ple, the gene LIL3 coding for a light-harvesting-like protein involved in the stabilization of
the geranylgeranyl reductase enzyme is a key actor of the genetic control of tocochromanols
in Arabidopsis thaliana [42]. Significant insights have also been recently published regard-
ing the genetic determinants that govern the accumulation of tocochromanols in maize;
more than 40 genomic areas that do not carry the biosynthetic genes have been related
to tocochromanol variations [36]. Among candidate genes identified in the latter study
and further supported by the findings of Zhan et al. [43], homologs of protochlorophyllide
reductase (por) genes (porl and por2) have been shown to account for large allelic effect
for tocochromanol traits. These two genes are known to be involved in the regulation of
chlorophyll biosynthesis and their association with tocochromanol variations in maize
kernels, i.e., kernels that do not contain chlorophyll, first raised numerous questions. These
questions were however rapidly resolved with the demonstration that developing maize
embryos contain low levels of chlorophyll [36]. In addition to por genes, genes coding
for plastid-localized fibrillins and cytosolic glycol lipid transfer and SNARE proteins lo-
cated on four QTLs (QTL10, QTL30, and QTL6) were also suggested to be responsible
for tocochromanol phenotypic variation in maize kernels [36]. In addition, a recent study
has indicated the occurrence of genes of the fatty acid pathway in several maize QTLs
related to tocochromanol accumulation, suggesting the occurrence of a crosstalk between
tocochromanol and fatty acid pathways [44].

Table 1. Key genes involved in tocochromanol biosynthesis in Arabidopsis thaliana and various
cereal crops.

Plant Species Gene Enzyme ! Ref.
Arabidopsis thaliana
PSD1 HPPD [45]
GGR GGR [46]
VTE1 Tocopherol cyclase [35]
VTE2 HPT [35]
VTE3 MPBQ/MGGBQ MT [47]
VTE4 v-TMT [34]
VTES5 Phytol kinase [32]
VTE6 Phytyl-P kinase [33]
HGGT HGGT [48]
Barley
VTE1 Tocopherol cyclase [49]
VTE4 v-TMT [49]
HPT-7H HPT [37]

HGGT HGGT [37]
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Table 1. Cont.

Plant Species Gene Enzyme ! Ref.
Maize
ZmVTE1 Tocopherol cyclase [28]
ZmVTE2 HPT [28]
ZmVTE3 MPBQ/MGGBQ MT [28]
ZmVTE4 v-TMT [28]
ZmVTES5 Phytol kinase [28]
ZmHPPD HPPD [28]
Rice
OsGGR1 GGR [40]
OsGGR2 GGR [40]
OsyTMT y-TMT [41]
SGD1 HPT [50]
RTD1 HPT [51]
Oat
HPPD (3 homo) HPPD [38]
VTE2_3/VTE2_4 HPT [38]
VTE4 1 v-TMT [38]

1 HPPD: p-hydroxyphenyl pyruvic acid dioxygenase; GGR: geranylgeranyl reductase; HPT: homogentisate phytyl-
transferase; MPBQ: 2-methyl-6-phytyl-1,4-benzoquinol; MGGBQ: 2-methyl-6-geranylgeranyl-1,4-benzoquinol;
MT: methyltransferase; y-TMT: y-tocopherol methyltransferase; Phytyl-P kinase: phytyl phosphate kinase; HGGT:
homogentisate geranylgeranyltransferase.

2.3. Tocochromanol Composition of Major Cereal Crops

Numerous studies have addressed the tocochromanol composition in kernels of
the main cereal types and analyzed the eight tocochromanol isomers, «-, 3-, y-, and
d-tocopherols and tocotrienols. Data from the most recent publications focusing on oat,
wheat, barley, rice and maize kernels are gathered in Figure 3 and Table S1. Before go-
ing further in the discussion, it is important to underline that the mean values reported
in Figure 3 were calculated using different published reports that considered one or a
few genotypes and one or a few years of cultivation in some specific agroclimatic condi-
tions. Considering the significant impact of environmental conditions on tocochromanol
levels in cereals [52] and of the genetic background of the cultivar, these data must be
taken with caution [28,36,53]. On Figure 3, it appears that all tocochromanol isomers were
found in maize, oat, and rice kernels, whereas y- and 3-tocopherols and y-tocotrienol in
wheat and 3-tocopherol in barley were not detected. The highest levels of tocochromanols,
161 pg.g~! dry matter, were reported by Gutierrez-Gonzales et al. in oat kernels [38]. In
wheat, rice, maize, and barley kernels, the highest concentration quantified were 69, 60,
41, and 32 pg.g~! dry matter, respectively (Table S1) [52,54-56]. When considering the
relative distribution between tocotrienols and tocopherols, the tocotrienol/tocopherol ratio
(calculated with data presented in Figure 3 and Table S1) was close to 1 for oat indicating
equivalent concentrations of tocotrienols and tocopherols and higher than 1 for rice and
wheat, reaching 2.5 for barley. In contrast, maize kernels were shown to contain more than
2 times more tocopherols than tocotrienols.

The levels of each tocopherol and tocotrienol isomer quantified in whole kernels
vary according to the cereal type (Figure 3). In maize kernels, y-tocopherol, «-tocopherol,
and y-tocotrienol were the major tocochromanols, which correspond to 34, 23 and 22%
of the total tocochromanols (Figure 3a), respectively, and {3-tocotrienol, 3-tocopherol, o-
tocotrienol, 5-tocopherol, and a-tocotrienol account for 1 to 12% of the total tocochromanol
content [56-59]. A different distribution pattern was observed in small-grain cereals. In oat
kernels, a-tocopherol and a-tocotrienol were the prevalent tocochromanols, representing
45% and 33% of the total tocochromanol content, respectively, followed by -tocotrienol
(13%), B-tocopherol (6%), and y-tocopherol (2%) (Figure 3b) [60-62]. The presence of
d-tocotrienol, y-tocotrienol, and d-tocopherol was reported as very weak, accounting for
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(a)

Maize

less than 1% of the total tocochromanol content. As for oats, the kernels contain the eight
tocochromanol isomers, their distribution and concentration being, however, significantly
different. In rice, the major tocochromanols are y-tocotrienol and «-tocopherol, represent-
ing, respectively, 43% and 26% of the total tocochromanol content, followed by y-tocopherol
and «-tocotrienol. The sum of d-tocotrienol, 3-tocotrienol, 3-tocopherol, and d-tocopherol
accounts for around 5% of the total rice tocochromanol content (Figure 3c¢) [55,61,63-66]. In
barley kernels, a-tocotrienol is the main compound and accounts for almost half (48%) of
the total tocochromanols [52,61,62]. Both a-tocopherol and y-tocotrienol were estimated
to account to 22 and 21% of the total tocochromanol content, respectively (Figure 3d).
Regarding wheat kernels, the data reported in Figure 3e indicate that the predominant
tocopherol is 3-tocotrienol (50%), followed by «-tocopherol (27%) and both 3-tocopherol
and a-tocotrienol, each of them representing around 11% of the total tocochromanol con-
tent [52,54,61,62,67,68].

= (d)

Barley

()

Wheat

o aT O a-T3

NgT Opg-13
my-T Oy-T3
6-T §-T3

Figure 3. Tocochromanol profile of major cereal crops ((a) Maize; (b) Oat; (c) Rice; (d) Barley;
(e) Wheat). The percentages were calculated using average concentration of tocochromanols reported
in previously published studies [38,52,54,56-59,61-63,65-68].

2.4. Distribution of Tocochromanols within Cereal Kernels

Enzymes involved in the biosynthesis of tocopherols are located in the inner mem-
brane of chloroplast envelope and in plastoglobuli [69]. Chloroplasts were first indicated as
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the unique plant cell organelle containing tocopherols, leading to the mistaken assumption
than tocopherols were only present in photosynthetic parts of plants. The occurrence of
tocopherols in roots, nuts, and seeds was further evidenced [70,71]. Regarding tocotrienols,
they are present in kernels of most monocotyledons, including cereals and absent in the
other parts of plants as a result of the specific location of the homogentisate geranyger-
anyltransferase enzyme in plastid cell of seed endosperms. Data related to the distribution
of tochochromanols within cereal kernels are gathered in Table 2. It clearly appears that
tocopherols are primarily found in germs, representing more than 89% of the total tocochro-
manol content; this percentage reaches 98% when considering germs of maize kernels.
Moreover, as indicated in Table 2, tocotrienols are predominantly present in endosperm (up
to 82% of the total tocochromanol concentration) and in pericarp (up to 78%), except for
maize kernels, where the pericarp contains mainly tocopherols. The major isomers found
in the different parts of kernels differ depending on the considered cereal. In maize, the y-
isomers of both tocopherol and tocotrienol are predominant in all parts of kernels, with a
prevalence of y-tocopherol in the germ and pericarp (65% and 39%, respectively, of total
tocochromanol content) and a majority of y-tocotrienol in the endosperm (45%) [58,72,73].

Table 2. Repartition of tocochromanols in the different parts of cereal kernels.

«-T1 B-T v-T S-T o-T31 B-T3 v-T3 5-T3 Total Tocopherol Total Tocotrienol

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Maize
Germ 30 1 65 3 1 0 1 0 98 2
Endosperm 5 0 19 0 29 0 45 2 24 76
Pericarp 18 0 52 6 9 1 14 1 75 25
Wheat
Germ 69 26 0 0 2 3 ND 2 0 95 5
Endosperm 5 3 13 0 11 68 ND 0 21 79
Pericarp 7 3 8 0 21 61 ND 0 18 82
Barley
Germ 68 3 16 1 6 2 3 0 89 11
Endosperm 14 1 2 1 41 25 15 3 17 83
Pericarp 15 1 5 1 47 12 17 3 21 79
Rice
Germ 81 3 5 0 6 ND 4 0 89 11
Endosperm 33 2 6 2 21 ND 33 4 42 58
Pericarp 37 1 4 0 27 ND 29 2 43 57

1T corresponds to tocopherols and T3 corresponds to tocotrienols; 2 ND = not detected. The percentages
reported in Table 2 correspond to the average values of distribution percentages reported in previously published
reports [54,58,72-74].

In wheat germ, the «- isomer of tocopherol is the most representative tocochromanol,
reaching up to 68% of the total, followed by 3-tocopherol (25%) and (3-tocotrienol (6%). In
endosperm and pericarp, 3-tocotrienol is the most important tocochromanol (49 and 55%,
respectively), followed by y-tocopherol in endosperm (37%) and «-tocotrienol in pericarp
(21%) [54,73,74]. In barley, the x-isomers are the predominant isomers in all parts of the
kernels: o-tocopherol in germ (68%) and x-tocotrienol in both endosperm and pericarp (41
and 47%) [73]. In the germ of rice kernels, x-tocopherol is largely predominant, accounting
for more than 80% of the total tocochromanol content. In the endosperm of rice kernels, «-
tocopherol and y-tocotrienol are equally represented (39%) followed by «-tocotrienol (21%),
while in pericarp «-tocopherol is the most represented tocochromanol (37%) followed by
Y-tocotrienol and o-tocotrienol (29 and 27%, respectively) [73].

2.5. Kinetics of Tocochromanol Accumulation during Maturation of Cereal Kernels

There are very few dynamic studies that have addressed the tocochromanol composi-
tion of kernels from the early stages of kernel development until maturity. This knowledge
is, however, essential to clarify which compounds fungal pathogens face at the onset of
infection and to support their potential role in plant defense. In maize, several studies
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corroborate an increase of tocochromanol content starting from pollination. In the report
of Xie et al. [56], focusing on the first 30 days following pollination of maize, a regular
increase of both tocopherol and tocotrienol was described. Increase in tocopherol content
was shown to continue until 96 days after silking by Picot et al. [75]. In oat kernels, a
pronounced increase in tocochromanols was reported from 14 days after anthesis to the
maturity stage [60]. In barley, tocochromanols were reported to be at their highest concen-
tration at a very early stage (milk stage) to then slightly decrease until maturity [76]. In
rice, the kinetics of tocochromanol content during seed filling were significantly different
between tocopherols and tocotrienols; tocopherols were reported to decrease, while an
inverse tendency was described for tocotrienols [66].

3. Tocochromanols as Part of the Plant Chemical Defense Arsenal against
Phytopathogenic and Toxigenic Fungi

Whereas the contribution of tocochromanols to plant protection against various abi-
otic stresses has been widely studied, relatively little is known regarding their potential
implication in plant defense against pathogens. Moreover, the available knowledge on
physiological roles of tocochromanols in plants is mainly related to tocopherols; studies on
tocotrienols are much more recent, with first hypotheses on their functional role released
in 2008 [77]. Comparison of tocopherol contents in control plants versus plants submit-
ted to environmental stresses or use of mutants altered in their tocopherol content, has
led to suggest a significant role of tocopherols in plant tolerance to drought, cold, high
light, heavy metal, and salinity stress [78-81]. For a comprehensive and in-depth view of
the various functions tocochromanols could play in plants, we strongly encourage read-
ers to consult the reviews of Munné-Bosch [69] and Méné-Saffrané and DellaPenna [26].
One of the key mechanisms underlying the capacity of tocochromanols to mitigate the
plant damage induced by abiotic stresses is related to their ability to scavenge or quench
lipid peroxides, oxygen radicals, or singlet oxygen [82]. In addition to their antioxidant
function, tocochromanols have also been suggested to interfere with cellular signaling
by interacting with plant hormones (ethylene, abscisic acid, salicylic acid, and jasmonic
acid) and sugar regulatory networks [80,83,84]. More recent studies have also reported a
possible role of tocopherols as regulators of miRNA biogenesis, miRNA being key players
in posttranscriptional regulation of gene expression during plant adaptation to stresses [85].

Though understudied, the importance of tocochromanols in plant resistance to pathogens
is strongly supported by the accumulated knowledge on their role in plant protection to
abiotic stresses. Indeed, biotic and abiotic stress responses cannot be dissociated, their
interactions being predominantly orchestrated by plant hormones [86]. Moreover, similarly
to abiotic stresses effects, biotic ones lead to an increased accumulation of ROS in plant
tissues. In previously published studies addressing the involvement of plant metabolites in
the mechanisms employed by crops to counteract fungal pathogens, tocochromanols are
almost never mentioned [4,87]. One rationale for this could be related to the insufficient
coverage of metabolomics approaches applied to decipher the chemical defense of plants
that frequently excludes lipophilic compounds [4]. Nonetheless, we are convinced that
tocochromanols, as part of plant protection to biotic stresses, are not receiving the attention
they deserve. In the following section, the reasons why this class of compound should not
be overlooked when dealing with crop resistance to fungal pathogens and more specifically
to toxigenic ones is discussed. The discussed body of arguments is schematized in Figure 4.
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Figure 4. Involvement of tocochromanols in plant response to biotic and abiotic stresses. ROS: reactive

oxygen species; PUFAs: polyunsaturated fatty acids; HPODEs: hydroperoxides; LOX: lipoxygenase;
ABA: abscisic acid; JA: jasmonic acid; ET: ethylene; SA: salicylic acid.

3.1. By Protecting Crops against Environmental Stresses, Tocochromanols Can Indirectly Affect
Their Susceptibility to Fungal Pathogens

Environmental factors are acknowledged to modulate the interactions between plant
and fungal pathogens leading to either an increase or a decrease in plant susceptibility to
fungal disease, depending on the nature, timing and severity of both the environmental
constraint and the pathogen [88]. The widely accepted belief that climate change will
have a severe impact on the development of toxigenic fungi in crops and consequently
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on the contamination of harvests with mycotoxins has led to increased research efforts
on the effect of drought and temperature elevation on fungal population migration and
fungal species adaptation [89], but the way climate change will affect plant-toxigenic fungi
interactions remains today largely insufficiently investigated. Hence, previous reports
have suggested that wheat plants exposed to a drought stress were more susceptible to
deoxynivalenol-producing Fusarium strains [90,91]. Similarly, contamination with aflatoxin
and fumonisin mycotoxins have been reported to be worsened in maize plants cultivated
under drought conditions [92,93]. Accordingly, the results of Abbas et al. [94] indicated
that maize genotypes less susceptible to high temperature and drought were less prone to
contamination with mycotoxins. The previous observations focusing on toxigenic fungi
are supported by recent reviews published by Desaint et al. [95] and Pandey et al. [88]
indicating that in half of the reported cases, temperature elevation and drought led to
an increased plant susceptibility to the pathogen and/or a to a decrease efficacy of plant
defense strategies. The molecular mechanisms underlying the negative effect of elevated
temperature and drought stress on plant resistance to toxigenic fungi are not yet fully
elucidated. Among probable assumptions, one can mention: (i) the role of reactive oxygen
species accumulating in plant tissues in response to abiotic stresses and known to stimulate
the yield of mycotoxins by toxigenic fungi [96], (ii) the role of stress-related amino acids
such as asparagine or putrescine that have also been reported to promote the production
of some mycotoxins [97,98], and (iii) the role of phytohormones and derived signaling
pathways reported as key mediators of combined stress responses [99]. Consequently,
by their capacity to mitigate oxidative stress in plant tissues and also to interfere with
phytohormone regulatory networks, it is highly likely that tocochromanols can mitigate the
negative impact environmental stresses can have on crop susceptibility to diseases caused
by toxigenic fungi.

3.2. Tocochromanols Can Mitigate the Damage Caused by ROS Produced in Response to Infection
by Toxigenic Fungal Pathogens

The key role played by ROS in plant-fungal pathogen interactions has been extensively
reviewed [15,100,101]. A rapid, transient, production of huge amounts of ROS (including
singlet oxygen, superoxide ions, hydrogen peroxide, and hydroxyl radicals) is one of the
earliest mechanisms of plant defense strategies against pathogens. Such an oxidative burst
has been observed in wheat inoculated with a deoxynivalenol-producing Fusarium gramin-
earum isolate [102,103] and, more recently, a Fusarium culmorum strain [104]. The evidence
of increased expression of antioxidant mechanisms in maize inoculated with Aspergillus
flavus [105] or Fusarium verticillioides [106] also significantly supports the occurrence of an
oxidative burst following infection with these two major toxigenic fungi affecting maize
crops. ROS accumulation acts as a double-edged sword in plant defense cellular processes.
On one hand, ROS function as signal transducers activating local as well as systemic plant
defense machinery. On the other hand, when the timing and magnitude of ROS accumu-
lation are not tightly controlled by the plant’s antioxidant system, including enzymatic
and non-enzymatic components, ROS can lead to cellular damage such as the degradation
of membrane lipids, proteins, and DNA and ultimately to cellular death. Such necrosis
of plant tissues can increase host susceptibility to necrotrophic fungi that feed from dead
plant material and include most of the toxigenic fungi-infecting crops. Indeed, the main
aflatoxin producing species, i.e., A. flavus and Aspergillus parasiticus, are recognized as
necrotrophic fungal agents [107]. In addition, the infection strategy of Fusarium species
capable of producing mycotoxins, including F. graminearum, F. culmorum, F. verticillioides,
and Fusarium proliferatum, is also characterized by the occurrence of a necrotrophic phase.
Actually, toxigenic Fusarium species are hemi-biotrophic fungi: they first infect living plant
tissues as biotrophs but after a short latency period switch to necrotrophic growth [108].
Moreover, there is converging evidence indicating that the redox balance is a key factor
regulating the mycotoxin biosynthesis and that exposure to ROS triggers and/or increases
the production of mycotoxins by fungi (reviewed in Montibus et al. [109] and Gil-Serna
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et al. [110]). All together, the aforementioned data indicate that ROS-overproduction,
triggered by the infection by toxigenic fungi as an early plant defense mechanism, could
in fact be used by the fungal pathogen to its own benefit. To cope with oxidative stress,
plants have evolved diverse enzymatic and non-enzymatic machineries. In addition to
specialized metabolites such as carotenoids and flavonoids, tocochromanols, which act
cooperatively with ascorbate and glutathione, are acknowledged as key components of
the plant antioxidant non-enzymatic machinery [111]. The capacity of tocochromanols to
scavenge excess ROS and, in particular, singlet oxygen has been extensively studied [112].
For a detailed view on the structural determinants but also on the physical and chemical
mechanisms involved in singlet oxygen quenching by tocochromanols, we strongly en-
courage the reader to read the review of Kamal-Eldin and Appelqvist [17]. Therefore, by
contributing to alleviate ROS levels surrounding invasive hyphae during plant infection,
tocochromanols are likely to mitigate the positive control exerted by oxidative stress on
toxigenic fungal development and mycotoxin production.

3.3. Tocochromanols Can Interfere with Fatty Acid Metabolism and Consequently with Plant
Signaling Networks

The major phytohormones are abscisic acid, auxin, brassinosteroids, cytokinins, gib-
berellins, ethylene, jasmonic acid, salicylic acid, and strigolactones. Among these, jasmonic
acid, salicylic acid, and ethylene are known to play central roles in orchestrating plant
defense responses against various pathogens [113,114]. Even though these three phytohor-
mones intimately interact, the salicylic acid signaling pathway is mainly associated with
activation of defense response against biotrophic and hemi-biotrophic fungal pathogens,
whereas the jasmonic acid and ethylene signaling pathways are mostly involved in defense
against necrotrophic fungi [113]. Salicylic and jasmonic acids have been reported to signifi-
cantly and positively contribute to wheat resistance to the hemi-biotrophic F. graminearum
pathogen, while ethylene was associated with wheat susceptibility [115]. According to
Makandar et al. [116], the role of the jasmonate signaling pathway in the interaction of
wheat with F. graminearum is more contrasted: jasmonic acid could promote disease by
constraining the salicylic acid signaling pathway during the early biotrophic stage of infec-
tion and promote resistance during the later necrotrophic stage. Involvement of jasmonic
acid and methyl jasmonate in resistance to deoxynivalenol-producing Fusarium isolates has
been evidenced by the comparison of Fusarium-inoculated and mock-inoculated wheat ear
metabolomic profiles [4] and corroborated by transcriptional studies [115,117]. Moreover,
according to Gunnaiah et al. [118], deoxynivalenol application on wheat tissue also led
to an induction of jasmonate signaling. The key contribution of jasmonic and salicylic
acid to plant resistance to toxigenic fungi has also been suggested for maize and various
toxigenic fungal pathogens, including the fumonisin producer F. verticillioides [119] and the
aflatoxin producing A. flavus species [120]. The expression of a wide set of defense genes
has been shown to be regulated by jasmonic acid and methyl jasmonate, including genes
related to specialized metabolites pathways such as phenylpropanoids or terpenoids, genes
coding for defensive proteins (pathogenesis-related or PR proteins), and genes related
to redox homeostasis [121]. Jasmonic acid signaling has also been reported to influence
callose deposition, which in wheat is a key mechanism dampening F. graminearum spread
within the ear [122]. Moreover, external application of jasmonic acid has been shown
to activate glucosyltransferase in barley [123], which is a key enzyme activity involved
in a deoxynivalenol detoxification pathway that transforms the toxin into the less phy-
totoxic deoxynivalenol-3-O-glucoside. Jasmonic acid belongs to the family of oxylipins
that gathers lipophilic signaling molecules derived from the oxidation of polyunsaturated
fatty acids. In fact, jasmonic acid is synthesized from «-linolenic acid (18:3) following
a process of oxidation, cyclisation and acyl chain shortening [121]. The first step of its
biosynthetic pathway is the conversion of c-linolenic acid to 13-hydroperoxylinolenic acid
by a 13-lipoxygenase. Considering the widely acknowledged capacity of tocochromanols to
scavenge lipid peroxyl radicals and lower the extent of lipid peroxidation [84,124] but also
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their potential to affect lipoxygenase activity through competitive inhibition [125,126], it is
more than likely that tocochromanols can negatively affect the biosynthesis of jasmonic acid
and, in consequence, modulate the jasmonic acid-mediated response of plants. Similarly,
tocochromanols are theoretically able to reduce the amounts of other lipid oxidation prod-
ucts such as those derived from the action of 9-lipoxygenase that, even though less studied,
could also be key players of plant response to fungal attacks. In several studies, products
generated by 9-lipoxygenase were suggested to contribute to the susceptibility of the plant
host. Thus, Gao et al. [127] observed an increased susceptibility of maize to A. flavus and
Aspergillus nidulans but also to F. verticillioides in maize mutant lines in which the function of
a 9-lipoxygenase gene was abolished. A similar conclusion was raised by Nalam et al. [128]
who observed that the silencing of a gene coding for a 9-lipoxygenase in wheat led to an
enhanced susceptibility to F. graminearum. The oxylipin-mediated crosstalk between plant
host and toxigenic fungi has been the subject of extensive research during the two past
decades. There has been growing evidence that oxylipins can modulate spore production,
fungal development, reproduction and secondary metabolites biosynthesis [127,129,130].
Investigations focusing on the biosynthesis of aflatoxins and fumonisins have demonstrated
the opposite effect of 13-lipoxygenase and 9-lipoxygenase oxidation products (recently
reviewed in Qiu et al. [131]). Whereas fatty acid hydroperoxides generated through the
9-lipoxygenase pathway were shown to mimic the fungal oxylipins called psi factors for
precocious sexual inducers and promote the production of mycotoxins, products derived
from the action of 13-lipoxygenase exhibited a significant inhibitor effect [132,133]. Less is
known regarding the effect of oxylipins on the production of deoxynivalenol by F. gramin-
earum and F. culmorum. The hypothesis that 9-lipoxygenase hydroperoxides could be
toxin-conducive factors in wheat raised by Nobili et al. [133] and Nalam et al. [128] requires
still to be demonstrated. Lastly, as highlighted for F. verticillioides [134], oxylipins derived
from additional lipoxygenase pathways such as those related to the 3, 4 and 5-lipoxygenase
in maize are also strongly suspected to interfere with fungal colonization and its production
of mycotoxins.

3.4. Tocochromanols Display Antifungal and Antimycotoxin Activities

As lipophilic components, tocochromanols are thought to induce perturbations in
the membrane of microorganisms, to possibly disrupt its integrity and affect the cell sur-
vival. This bioactivity has been mainly studied against bacteria pathogenic to humans.
The capacity of a-tocopherol to inhibit the growth of Staphylococcus aureus, Pseudomonas
aeruginosa and Escherichia coli was reported by Andrade et al. [135] and supported by the
characterization of the antimicrobial activity of Codonopsis lanceolate plants enriched in
a-tocopherol through overexpression of the y-tocopherol methyltransferase [136]. Regard-
ing fungal pathogens, very few studies have investigated the effect of tocochromanols
on the growth of toxigenic fungi and mycotoxin production. Most of the arguments that
substantiate the hypothesis of an antifungal or/and an antimycotoxin effect comes from
studies investigating the relationships between the bioactivity of plant extracts and their
richness in tocochromanols [137,138]. To our knowledge, the only studies addressing the
direct effect of tocochromanols on mycotoxin yield are the reports of Norton [139] and
Picot et al. [75]. The results of the two previous studies showed, however, high discrep-
ancies; while aflatoxin and A. flavus growth were not affected by supplementation with
- and y-tocopherols, at concentrations ranging from 0.05 to 5 mM [139,140], a significant
inhibition of the production of fumonisins by F. verticillioides was induced by 0.01 mM of
a-tocopherol [75]. These inconsistencies clearly show the need to deepen the investigation
of tocochromanol bioactivity against toxigenic fungi.

4. Conclusions

To cope with fungal pathogens, cereals have developed a variety of biochemical
responses to avoid infection and reduce adverse effects, including the contamination of
ears with mycotoxins. Whereas numerous reports have appeared in the scientific literature
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over the past several years regarding the role of phenylpropanoids and terpenoids in plant
chemical defense, the potential contribution of tocochromanols has been scarcely addressed.
Yet, as emphasized by the information compiled in the present review, tocochromanols
are widely distributed in cereals, and there are strong arguments in favor of a pivotal role
played by these compounds. These arguments include: (i) their capacity to alleviate ROS-
induced oxidative damage, (ii) their capacity to interfere with plant hormone signaling
pathways, and (iii) their potential to reduce fungal growth and mycotoxin yield. An
exciting challenge for the near future is therefore to validate this hypothesis as this could
open the way to help breeders to select cereal genotypes less susceptible to contamination
with mycotoxins and ensure the safety of harvests. The currently available knowledge
regarding the biosynthetic pathway of tocochromanols and associated genes will be a
significant asset to foster scientific research on the way tocochromanols assist cereals to
combat toxigenic fungi.
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