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1. The role of secondary metabolites in defence in cereal
crops

Cereal crops such as maize (Zea mays), wheat (Triticum aesti-
vum), oat (Avena sativa), rice (Oryza sativa) and sorghum (Sorghum
bicolor) are consumed throughout the world and are crucial com-
ponents of the world's caloric intake. In 2013, cereal production
exceeded approximately 55 million tonnes in Africa alone (www.
fao.org/worldfoodsituation/csdb/en/) — with maize the main pro-
duce followed by wheat and rice (statistics.amis-outlook.org/data/
index.html). Viruses, bacteria, fungi, and herbivores are biotic

Abbreviations: PRRs, pattern-recognition receptors; PAMPs, pathogen-associ-
ated molecular patterns; PTI, PAMP-triggered immunity; ROS, reactive oxygen
species; VIGS, virus induced gene silencing; SAR, systemic acquired resistance; JA,
jasmonic acid; Et, ethylene; SA, salicylic acid; BX, benzoxazinoids; CPS, copalyl
diphosphate synthase; ABA, abscisic acid; BTH, benzothiadiazole derivative; PAL,
phenylalanine ammonia lyase; AMF, arbuscular mycorrhizal fungus; VOC, volatile
organic compounds; y1, yellow seed1.
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stressors that threaten crop yields and economic stability. There-
fore, it is crucial that plant defence mechanisms are understood in
order to develop sustainable crop enhancement programs. Plants
are sessile organisms that lack circulating cells, such as macro-
phages in mammals, whose purpose is to recognise non-self mol-
ecules and elicit an immune response. Instead, each plant cell acts
autonomously and is programmed to recognise and respond to
pathogens [1]. The mechanisms by which plants defend themselves
include the production of secondary metabolites with antimicro-
bial properties and these responses are controlled by signal trans-
duction pathways [2].

Early researchers in the field coined the terms “phytoanticipins”
and “phytoalexins” for antimicrobial compounds involved in
constitutive and de novo defence in crop plants, respectively [3].
Phytoanticipins are compounds produced constitutively in cereals
and are involved in above and below ground protection [4—6]. They
are preformed and stored as inactive, conjugated molecules in the
vacuole [6,7]. When a plant is challenged by a pathogen, these
molecules are activated and rapidly released in order to fight off the
invader [7—9]. They are especially relevant during infection by
necrotrophic pathogens, which rely on tissue injury and host cell
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death for effective infection [7]. Benzoxazinoids (BXs) are the pre-
dominant phytoanticipin in the major Poaceae crop plants, maize
and wheat, but are absent from oat, rice and sorghum [10—13].
Interestingly, unlike Poaceae crop plants, where BXs are limited to
seedlings or young plants, dicot plants accumulate BXs during all
developmental stages in both above and below-ground parts [14].
BXs are associated with maize resistance to both fungal diseases
(i.e. northern and southern corn leaf blight and corn smut), and
insect pests (i.e. the European corn borer and the maize plant louse)
[15—18].

An array of phytoalexins are produced in cereal crop plants in
response to pathogens and belong to several chemically diverse
classes of compounds, including, but not limited to, flavonoids,
terpenoids and saponins [19—22]. Flavonoid phytoalexins, such as
avenanthramides in oat [23], 3-deoxyanthocyanidins in sorghum
[24] and sakuranetin in rice [25] are phenolic metabolites that
originate from phenylalanine [26]. Plants rely on these phenols for
growth and reproduction, pigmentation and as defensive mole-
cules against pathogens [26]. Terpenoid phytoalexins in rice (ory-
zalexins, phytocassanes and momilactones) [25] as well as maize
(kauralexins and zealexins) [27,28] are synthesised via the iso-
prenoid pathway. Saponins are glycosylated triterpenoids, protec-
tive molecules that are absent in all cereals except the genus Avena
and likewise synthesised via the isoprenoid pathway using the
precursor mevalonate [23,29,30]. Dicotyledonous plants, such as
Arabidopsis thaliana, tobacco and cotton, also produce terpenoid
phytoalexins [20,31]. More discussions about phytoalexin produc-
tion in the model dicot, A. thaliana are extensively reviewed by
Ahuja, Kissen and Bones (2012) [20]. The biosynthesis of monocot
terpenoids is catalysed by a large class of enzymes termed terpene
synthases (TPS), and these enzymes have been credited with the
diversity of terpenoids [32—34]. Terpenoids function as plant hor-
mones, vitamins, pigments and, critically, in plant—pathogen in-
teractions [22].

Many secondary metabolites exhibit anti-microbial properties,
as illustrated in sorghum, which produces 3-deoxyanthocyanidins,
red-coloured flavonoid phytoalexins at the site of Colletotrichum
sublineolum colonisation [24,35,36]. A combination of these red/
orange-coloured compounds, known as apigeninidin and luteoli-
nidin, are synthesised in the cytoplasm of epidermal sorghum cells
in response to C. sublineolum [24,37]. The compounds accumulate
in inclusion bodies which enable their translocation to the infec-
ted area, where they undergo structural modifications and release
their content, killing both the pathogen as well as the plant cells
[38].

The definitions of phytoalexins and phytoanticipins are based on
the mode of regulation and synthesis of the compound and not
necessarily by the chemical structure, which makes the terminol-
ogy imprecise since the same compound can act as both a phyto-
alexin and a phytoanticipin depending on the host plant or even the
organ of the host plant [7,39]. As an example, sakuranetin, a
flavonoid compound, acts as a phytoalexin in rice, where it accu-
mulates in response to rice blast and bacterial blight disease
[40—44]. However, in blackcurrants, sakuranetin is constitutively
present in the leaves, and is therefore also defined as a phytoanti-
cipin [45]. Likewise, momilactone A, a diterpenoid compound in
rice, is constitutively present in rice seed husks and roots, but
induced in rice leaves upon infection with rice blast [41].

In this review, we firstly describe the diversity of defensive
secondary metabolites (primarily phytoalexins and phytoantici-
pins) in the economically-important cereal crops rice, maize,
wheat, sorghum and oat. We furthermore discuss how signalling
pathways influence accumulation of antimicrobial secondary me-
tabolites, and conclude with a “future perspectives” section in
which on-going research questions are identified.

2. Pathogen recognition, signal transduction and defence
secondary metabolite synthesis

2.1. Pathogen recognition events that lead to secondary metabolite
production

Plants boast a sophisticated, organ- and cell-specific surveil-
lance system, which recognises pathogens and responds by trig-
gering the innate immunity signal transduction pathway [2,46].
Essentially, the plant cell surface contains pattern-recognition re-
ceptors (PRRs) that identify pathogen-associated molecular pat-
terns (PAMPs) [46]. PAMPs are conserved molecules, either
secreted or surface-exposed, that are characteristic of pathogens.
Examples of PAMPs recognised by plants include bacterial flagellin,
fungal B-glucans and chitin [2,46]. Once PAMPs are perceived by a
plant cell, a process termed PAMP-triggered immunity (PTI) is
initiated [1]. This process involves a complex local and systemic
intracellular signalling cascade promulgated through gene
expression changes involving WRKY and TGA transcription factors
[1]. In the interaction between cereals and fungi, B-glucan and
chitin are representative fungal PAMPs and are polysaccharides
that crosslink to form a scaffold within fungal cell walls [47]. There
are several reports that B-glucan and chitin elicit a plant immune
response in cereals leading to production of secondary metabolites
[47—51]. Chitin fragments, such as N-acetylchitooligosaccharides,
were shown to be a potent elicitor of momilactone accumulation in
rice suspension cells, which leads to growth inhibition of fungi such
as Magnaporthe grisea (responsible for rice blast fungus) [50].
Chitosan, a derivative of chitin, elicits both sakuranetin and
momilactone production in rice seedlings [51]. An example of a PRR
is OsCEBIP, a plasma membrane glycoprotein that acts as a receptor
for chitin elicitors and has a demonstrated role in disease resistance
of rice against M. grisea [49]. Upon chitin elicitor binding, OsCEBiP
forms a complex with OsCERK1, a receptor kinase that is respon-
sible for triggering downstream signalling (Fig. 1A) [52,53]. Phy-
toalexin production after chitin induction was lower in an OsCEBiP
gene-specific knockdown line than the wild-type [53]. This obser-
vation was later replicated in an OsCERK1 knock-down line [52].
Furthermore, expression of defence-related genes was suppressed,
including a key gene required for the biosynthesis of diterpenoid
phytoalexins [52]. Similarly, B-glucan was shown to elicit produc-
tion of momilactones as well as small amounts of oryzalexins in rice
suspension cells [47]. Upon exposure to B-glucan from Colleto-
trichum graminicola (responsible for anthracnose), the expression
of putative phytoalexin biosynthetic genes in maize were up-
regulated by more than 150-fold [54]. Interestingly, the same
study showed that C. graminicola ostensibly attempts to evade
maize PAMP-elicited defence responses by down-regulating its -
glucan production during the biotrophic growth phase to establish
a compatible interaction [54]. Another study in maize demon-
strated phytoalexin accumulation after wounded stems were
treated with a pectinase elicitor derived from Rhizopus microsporus
[27]. Pectin is a component of plant cell walls and a target for fungal
pectinolytic enzymes during pathogen attack [55]. Likewise,
momilactone accumulation was shown to be accelerated by the
over expression of selenium-binding protein homologue gene
(OsSBP), a receptor for the fungal elicitor, cerebroside from
M. grisea, which triggered resistance to M. grisea and Xanthomonas
oryzae pv. oryzae (Xoo) (the causal organism of bacterial blight
disease) [56]. Thus, PAMPs — and PRR recognition of PAMPs — set in
motion PTI-specific signalling pathways that lead to accumulation
of antimicrobial secondary metabolites.

Plant-derived molecules have also been shown to act as elicitors
and provoke an immune response [57—60]. ZmPep1 is a peptide
encoded by the maize gene ZmPROPEP1, whose expression is
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Fig. 1. A: A snapshot of signalling networks resulting in defensive secondary metabolite production in rice in response to chitin elicitation 1) The pattern-recognition receptors
(PRRs), OsCEBiP and OsCERK1, identify the fungal pathogen-associated molecular pattern (PAMP), chitin, and 2) through phosphorylation of G-proteins such as OsRac1, regulate ROS
production, leading to accumulation of momilactone. 3) Chitin recognition events trigger an influx of Ca?* ions into the cytosol. Ca** is perceived by calcium sensors such as
calcineurin B-like proteins (CBLs) which subsequently activate CBL interacting protein kinases (OsCIPK14/15) leading to an accumulation of momilactone and phytocassane. 4)
Chitin binding leads to an induction of the MAPK cascade, OsMMK4 — OsMPK3/6, that regulate the transcription factor OsSWRKY30, subsequently activating diterpenoid phytoalexin
production. 5) Signalling via the phytohormones jasmonic acid (JA), and synthetic salicylic acid (SA) analogue, benzothiadiazole derivative (BTH), mediate production of diterpenoid
and flavonoid phytoalexins. B: Dimboa participates in plant immune priming in maize 1) Symbiosis with mycorrhizal fungi (AMF) primes the defence responses against fungal
pathogens. AMF prompts the production of DIMBOA in the roots, and the compound is translocated from the roots to the leaves where it provides protection against certain fungi. 2)
Root herbivory leads to DIMBOA accumulation in the leaves, providing protection against fungal pathogens and herbivores. Abscicic acid (ABA) acts as a signalling molecule in this
interaction.
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induced by fungal infection [57]. ZmPEP1 stimulates biosynthesis
and accumulation of BXs in leaves [57]. In maize, pre-treatment
with ZmPep1 prior to infection resulted in enhanced resistance to
Bipolaris maydis (causal organism of southern leaf blight) and
C. graminicola [57]. Restricted lesion spread and disease severity,
which lead to a reduction in subsequent cell death, was observed
[57]. Likewise, pre-treatment of wheat with plant cell-wall-derived
oligosaccharides, such as oligogalacturonides, resulted in reduced
growth of Blumeria graminis, which is a parasite responsible for
powdery mildew in wheat [58]. Simultaneously, observed accu-
mulation and activation of the first enzyme in the phenylpropanoid
pathway, phenylalanine ammonia lyase (PAL), lead the authors to
presume that these molecules contribute to phytoalexin production
and have resistance-inducing potential [58]. There is also evidence
that the fungal sugar, trehalose, can elicit wheat defence responses
to powdery mildew through activation of PAL; three consecutive
applications of trehalose reduced B. graminis infection in wheat by
up to 95% [59,60].

The wheat Tsn1 gene confers sensitivity to the Stagonospora
nodorum effector, ToxA (SnToxA) and mutants lacking a functional
receptor show resistance to S. nodorum [61]. Recently, Du Fall and
Solomon (2013) reported that accumulation of the phytoanticipin,
DIMBOA, several DIMBOA precursors as well as a novel phytoalexin,
monoamine serotonin, was increased in wheat in response to
SnToxA [62]. Subsequent in vitro application of the compounds
inhibited the growth and spore germination of the fungus [62].
Another example of a dominant “susceptibility locus” is found in
oats, where the locus Vb confers susceptibility in the presence of
victorin, a toxin secreted by Helminthosporin victoriae [63]. The
same locus, incidentally, is linked to a dominant inherited trait, Pc-
2, which mediates resistance to crown rust in oats through accu-
mulation of high levels of avenacins [63].

Thus, in summary, perception of a fungal PAMP, effector, or toxin
will activate plant receptors that subsequently trigger downstream
signal transduction pathways. Current data suggests that there are
several defence signalling pathways leading to phytoalexin and
phytoanticipin production in cereals (Fig. 1A). We discuss these
below.

2.2. Chemical triggers after pathogen recognition

Once pathogen recognition has taken place, for example as a
result of PAMP or effector detection, some proteins in the plasma
membrane are phosphorylated and there is an influx of Ca®* ions
into the cytosol [64]. The plasma membrane becomes depolarised,
Cl~ and K™ ions are transported out and an influx of H" ions take
place, which causes the cytoplasm to acidify [64]. This movement of
ions occurs instantaneously once an effector is perceived. Ca®* is
one of the critical messenger ions and activates transcription fac-
tors, which regulate downstream gene expression. In sorghum,
transcriptome analysis revealed that calcium signalling genes were
upregulated as well as key biosynthetic genes for flavonoid phy-
toalexins in response to Bipolaris sorghicola [65]. Yang et al. (2004)
demonstrated that application of calcium channel blockers
diminished the accumulation of avenanthramides, which led them
to believe that calcium ions were critical to the activation of oat
phytoalexin production [66]. Signals from cellular Ca®>* are inter-
preted by calcium sensors, such as calcineurin B-like proteins
(CBLs), which subsequently activate CBL interacting protein kinases
(CIPKs) [67]. The expression of two rice CIPKs, OsCIPK14 and
OSCIPK15, was induced by N-acetylchitooligosaccharides in rice
cells and resulted in rapid accumulation of momilactones and
phytocassanes (Fig. 1A) [67].

After cellular Ca** jons are received and interpreted, extant
NADPH oxidase activity is initiated, which results in ROS

production [64]. ROS are mediators of the plant immune response.
ROS produced at the pathogen penetration site are in two main
forms, superoxide and hydrogen peroxide (H,O3). ROS originates
from NADPH-oxidases on the cell membrane and peroxidases
associated with the cell wall [68]. Once ROS are produced, it usually
implies successful recognition of a pathogen by the host, resulting
in an oxidative burst and restriction of infection. Various studies
have shown an induction of ROS-related genes in conjunction with
phytoalexin biosynthesis and resistance to pathogens [43,69—71].
In maize, phytoalexin biosynthetic genes as well as ROS-related
genes were upregulated in response to Phytophthora cinnamomi
[69], and similarly in rice, where infection with bacterial blight
caused accumulation of diterpenoid phytoalexins as well as regu-
lated ROS production [72]. Maize lines transformed with a wheat
oxalate oxidase (Ox0O) gene exhibited resistance to herbivory [73].
0x0 catalyses the conversion of oxalate into H,O, and CO; [73].
Interestingly, DIMBOA synthesis was reduced in the transgenic line
and the authors speculated that this was due to a metabolic
diversion of building blocks from DIMBOA to the shikimate
pathway that resulted in high levels of phenolic compounds [73].
The examples given above indicate that phytoalexin accumulation
is dependent on ROS production and subsequent signal
transduction.

Curiously, it has been shown that necrotrophic fungal pathogens
promote in planta ROS production in order to advance their growth
and pathogenicity on a plant [74]. Vargas et al. (2012) also specu-
lated that C. graminicola uses local oxidative bursts to further its
progress through the maize cell wall [70]. Interestingly, in trans-
genic lines overexpressing a bacterial effector gene, phytoalexin
accumulation was shown to increase in parallel with decreased
H,0; and increased anti-oxidant enzymes which are known ROS
scavengers [75]. This phenomenon was also demonstrated in
transgenic rice lines overexpressing a fungal PRR gene [56]. This
may reflect a novel role for phytoalexins at later stages of infection
when they have accumulated to sufficient levels so that pathogen
ingress has been limited, and therefore they participate in a nega-
tive feedback “ROS-quenching” mechanism to prevent an over-
reaction by the plant cell to the pathogen.

Defence signalling is also mediated through small G-proteins.
OsRac1, a Rac-like small G-protein has been shown to regulate ROS
production in rice cell cultures through NADPH oxidase [71,76].
OsRac1 is a crucial component of N-acetylchitooligosaccharide
elicited signalling, which is tightly regulated by the OsCEBiP/
OsCERK1 receptor complex [77]. OsCEBiP/OsCERK1 transmits sig-
nals to OsRac1 through phosphorylation of OsRacGEF1 (OsRac1
guanine nucleotide exchange factor) (Fig. 1A) [77]. It was shown
that rice which overexpressed OsRac1 was resistant to M. grisea and
Xoo [71]. Concomitantly, the authors reported a 180-fold increase of
the rice phytoalexin, momilactone A [71], which thus indicates that
phytoalexin accumulation is positively regulated by G-protein
signal transduction in rice.

2.3. Signal transduction through MAPK cascades

MAPK cascades are stepwise mediators of PAMP signals, which
ultimately result in activation of defence responses. A cascade
commonly consists of at least three kinases: a MAPK kinase kinase
(MAPKKK), a MAPK kinase (MAPKK) and a MAPK. Chitin oligosac-
charides elicit a rice MAPK cascade commencing with OsMKK4
[48]. OsMKK4 subsequently phosphorylates two rice MAPKs
(OsMPK3 and OsMPKG6), thereby initiating a signalling cascade
leading to activation of secondary metabolite biosynthesis (Fig. 1A)
[48]. The authors demonstrated that activation of OsMPK6 is a
crucial target for OsMKK4 driven cell death [48]. Additionally
OsMKK4 up-regulates the expression of genes belonging to the
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methylerythritol phosphate pathway as well as the diterpenoid
phytoalexin biosynthetic pathway [48]. This rice MAPK cascade
functions through WRKY transcription factors in response to biotic
and abiotic stresses [78,79]. It was shown that OsMPK3/0sMPK6
directly phosphorylates OsWRKY30 and OsWRKY53 in rice (Fig. 1A)
[78,79]. In another example, OsACDR1 (accelerated cell death and
resistance 1) was identified as a MAPKKK connected to signalling in
diterpenoid phytoalexin production [19].

2.4. Transcriptional activation of secondary metabolite biosynthesis
genes

WRKY transcription factors are common regulators of tran-
scription associated with plant defence responses [80], and the rice
and maize genomes contain over a 100 WRKY genes each [81,82].
Transcription factors activate or repress downstream defence genes
such as pathogenesis related (PR) genes and secondary metabolite
biosynthetic genes [64]. In a recent study, the link between WRKY
transcription factors and phytoalexins in rice was elucidated by
data showing that OsWKRY45 is an integral part of benzothiadia-
zole (BTH)-induced priming of rice defences against M. grisea [83],
which lead to up-regulation of momilactone, phytocassane and
oryzalexin biosynthetic genes. In OsWRKY45 overexpressing rice
plants, pre-treatment with BTH resulted in an augmented response
to M. grisea, both in speed and intensity [83]. On the other hand,
OsWRKY76 is a transcriptional repressor of rice phytoalexin
biosynthesis [84]. In transgenic rice plants overexpressing
OsWRKY76, both flavonoid and diterpenoid phytoalexin accumu-
lation was suppressed resulting in susceptibility to M. grisea [84].

W-boxes are recognised binding sites of WRKY proteins [84].
The presence of functional W-boxes in the promotors of rice
diterpenoid biosynthetic genes further supports the involvement of
WRKY genes in phytoalexin production [85]. Interestingly, Tao et al.
(2009) demonstrated that allelic variation in OsWRKY45 resulted in
differential host—pathogen interactions [86]. Two alleles in
different rice cultivars, designated as OsWRKY45-1 and OsWRKY45-
2, encodes two proteins differing in 10 amino acids and have con-
trasting roles in rice resistance against Xoo and X. oryzae pv oryzi-
cola (Xoc) [86]. Plants that overexpress OsWRKY45-1 are susceptible
to bacterial infections, and when the gene is silenced, resistance is
recovered. In contrast, high expression of OsWRKY45-2 results in
resistance to both Xoo and Xoc, which is subsequently abolished if
the gene expression is suppressed [86]. An increased accumulation
of SA and JA was observed in conjunction with OsWRKY45-1-
regulated resistance whereas only JA accrued with OsWRKY45-2
regulation. Additionally, different defence-responsive genes were
induced by each WRKY allele [86]. Notably, plants which over-
express either OsWRKY45-1 or OsWRKY45-2 have enhanced resis-
tance to M. grisea. Taken together, their results indicate that
OsWRKY45-1 is a negative regulator of resistance to bacterial
infection and OsWRKY45-2 a positive regulator of resistance to
bacterial infections but that both are positive regulators of resis-
tance against M. grisea in conjunction with diterpenoid phytoalexin
accumulation [86].

Other transcription factors similarly play a role in the induction
of phytoalexins. Ibraheem et al. (2010) demonstrated through loss-
of-function mutants that the accumulation of sorghum 3-
deoxyanthocyanidin phytoalexins and resistance to C. sublineolum
require a functional yellow seed1 (y1) gene encoding a MYB tran-
scription factor [87]. Further to that, they also demonstrated that in
transgenic maize plants expressing y1, the flavonoid pathway
yielding 3-deoxyanthocyanidin was activated and the maize plants
were resistant to C. sublineolum [88].

In summary, once the pathogen is recognised, the defence signal
is relayed through the action of Ca®*-signalling, ROS, G-proteins

and MAPK cascades, resulting in transcriptional activation of sec-
ondary metabolite biosynthesis genes, often mediated by WRKY
transcription factors (Fig. 1A). In addition, phytohormones also play
an important role in signalling that leads to defensive secondary
metabolite production, and this will be discussed in the next sec-
tion. Key phytohormones include jasmonic acid (JA), ethylene (Et)
and salicylic acid (SA) [64,89].

3. Plant hormones act as messengers to induce secondary
metabolite production

The phytohormones jasmonic acid (JA), ethylene (E) and sali-
cylic acid (SA) are important messenger molecules in PTI-mediated
signalling and defence responses, and the biosynthesis of phyto-
alexins and phytoanticipins in cereals (Table 1). In the following
section, we review the role of these hormones in the biosynthesis of
specific phytoalexins and phytoanticipins. Many of these studies
have been based on the application of exogenous plant hormones,
which is used as an experimental proxy for endogenous hormone
levels [96]. However, this approach suffers several limitations,
namely that (i) the absorbed hormone concentrations may not be
biologically relevant; (ii) co-application of two hormones may not
result in the same ratios inside the cells; and (iii) the chemical form
of the hormone applied (e.g. jasmonate vs methyl jasmonate) may
not be biologically relevant. Nevertheless much of current knowl-
edge is based on this experimental strategy, although phytohor-
mone metabolite profiling is being increasingly used in
cereal—pathogen interactions [27,28].

3.1. Induction of phytoalexin accumulation by salicylic acid and
jasmonates in sorghum

SA and JA have both been implicated in phytoalexin production
in sorghum and wheat (Table 1) [35,93]. Generally it is accepted
that SA mediates resistance against biotrophic pathogens, whereas
JA/Et act against nectrotrophs and herbivores. However, this is not a
definitive classification [97]. Global microarray analysis revealed
that sorghum responds to exogenous SA and JA by up-regulating
genes that form part of the phenylpropanoid pathway and gener-
ating 3-deoxyanthocyanidins, flavonoid phytoalexins [65]. Histor-
ically, based on studies in Arabidopsis, it has been thought that SA
and JA act antagonistically; however, studies have both corrobo-
rated and contested this interaction in sorghum [24,35]. The
accumulation of 3-deoxyanthocyanidins were induced in sorghum
roots by JA but repressed by concurrent application of SA treatment
[35]. However, Liu et al. (2010) reported varied degrees of

Table 1
Signalling hormones involved in secondary metabolite production in cereals.
Cereal Secondary metabolite Signal molecule® Reference
Oat Avenanthramides SA* [90]
(Avena sativa) Avenacins BTH*
Maize Kauralexin (JA+Et)*™ [27]
(Zea mays) Zealexin (JA+Et)*! [28]
DIMBOA ABA"; JA+Et)t  [91,92]
Wheat DIMBOA JA*T [93]
(Triticum aestivum)
Rice Sakuranetin JAT [42,94,95]
(Oryza sativa) Phytocassanes JAT
Oryzalexins JAT
Momilactones JA*
Sorghum 3-deoxyanthocyanidins  JA™ [65]
(Sorghum bicolor) SA™ [65]
(SA+JA)* [24,35,36]

2 Jasmonic acid (JA); ethylene (E); salicylic acid (SA); abscisic acid (ABA); ben-
zothiadiazole derivative (BTH); positively regulates (+); negatively regulates ().
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antagonism when JA and SA were applied simultaneously to sor-
ghum seedlings [24]. Interestingly, application of SA to sorghum
and avirulent strains of Fusarium graminearum to wheat heads
resulted in the up-regulation of JA biosynthetic genes [65,98],
thereby arguing that upon elicitation, plant hormones are syn-
thesised de novo.

3.2. Jasmonic acid and ethylene have a synergistic effect in maize

JAJEt synergy has been demonstrated in maize [27,69]. Appli-
cation of a combination of these phytohormones resulted in a
build-up of kauralexins and zealexins, novel diterpenoid and
sesquiterpenoid phytoalexins, respectively, which far exceeded the
accumulation induced by each hormone individually [27]. Parallel
studies in which maize stems were infected with either
R. microsporus [27] or F. graminearum [28] resulted in substantial
levels of JA and Et, which preceded kauralexin and zealexin
accumulation, respectively. Key enzymes of the biosynthetic
pathway of both phytohormones were upregulated after attack by
Ostrinia nubilalis, followed by increased accumulation of phyto-
hormones and kauralexins [92]. Transcriptome analysis of maize
roots post-infection by P. cinnamomi also revealed over expression
of several genes involved in the biosynthesis of JA and Et [69].
Furthermore, the expression of a copalyl diphosphate synthase
(CPS), An2, was induced by R. microsporus and preceded kauralexin
accumulation, which suggested that kauralexin production is
dependent on An2 activity [27]. An2 expression has been shown in
response to Fusarium verticillioides, F. graminearum, P. cinnamomi
and Ustilago maydis [69,99—101]. Strikingly, kauralexins have also
been shown to accumulate in maize roots as a result of abiotic
stressors [102]. Kauralexins display antimicrobial activity against a
variety of maize pathogens such as R. microsporus, P. cinnamomi
and C. graminicola [27,69]. Likewise, zealexin production is pre-
ceded by increased expression of the biosynthetic genes Tps6/11
[28]. Expression of both the Tps6 and Tps11 alleles have also been
stimulated following U. maydis infection [18] and when silenced
using VIGS, plants are more susceptible to U. maydis [103]. Taken
together, these results propose that the plant hormones JA and Et
mediate production of terpenoid phytoalexins and thereby
defence in maize (Table 1).

3.3. Jasmonic acid-dependant and independent pathways in rice
produce flavonoids and diterpenoids

Rice produces an assortment of phytoalexins. Many rice diter-
penoids have been identified, and one flavonoid, sakuranetin, has
been studied in detail [25]. The diterpenoids are clustered into
oryzalexins, momilactones, and phytocassanes, based on their
carbon skeleton [25]. M. grisea induces JA biosynthesis in rice and
both sakuranetin and the diterpenoids are induced by JA as well as
M. grisea infection (Fig. 1A), suggesting that phytoalexin accumu-
lation results from increased JA (Table 1) [42,94,95]. Interestingly,
JA-deficient mutants accumulated diterpenoid phytoalexins, but
were deficient in the flavonoid sakuranetin, alluding to JA-
independent pathways for pathogen-induced biosynthesis of
diterpenoid phytoalexins in rice [ 104]. Accumulation of sakuranetin
relies on OsJAR1 (jasmonic acid resistant 1) to regulate JA-induced
rice defence responses. OsJAR1 is responsible for catalysing the
formation of JA-isoleucine, the active form of JA, which is indis-
pensable for phytoalexin production [105]. Both sakuranetin and
the diterpenoids have demonstrated activity against Rhizoctonia
solani and Xoo [40—44]. Curiously, antifungal activity varies be-
tween rice phytoalexins, and it has been shown that sakuranetin is
more potent against blast fungus than a momilactone [42].

3.4. Oat defences: salicylic acid induces avenanthramides in leaves,
whereas jasmonates stimulate saponin production in roots

SA stimulates the production of phenolic phytoalexins termed
avenanthramides in oats (Table 1) [90]. These compounds are
substituted N-cinnamoylanthranilate derivatives synthesised in
response to crown rust infection (Puccinia coronata) [106,107]. A
benzothiadiazole derivative, BTH, is a commercially available,
synthetic, immune-priming compound, which mimics a fungal
infection and acts as a functional analogue of SA [108]. It has shown
immune induction in oats resulting in avenanthramide accumula-
tion [90]. Oat roots on the other hand, rely on phytoanticipins such
as saponins — antimicrobial triterpenoid glycosides — to confer
resistance to various pathogens in soil [9,30]. Gaeumannomyces
graminis is a fungus commonly infecting the roots of wheat and
barley. However, there are no documented cases of oats infected
with G. graminis. Interestingly, saponin deficient mutants are highly
susceptible to this fungus and therefore a logical conclusion was
drawn that saponins are likely to confer resistance to G. graminis in
oats [30]. Saponin accumulation is stimulated by application of
jasmonate derivatives [22]. Two types of saponins are defined,
avenacins and avenacosides [22]. Like benzoxazinoids, avenaco-
sides are preformed and sequestered in the vacuole and activated
by B-glucosidases once pathogens disrupt the cell membrane [22].

3.5. Phytoanticipins are stimulated by jasmonic acid in wheat and
maize

Diterpenoid phytoalexins have not yet been reported in wheat
despite a full complement of diterpenoid biosynthetic genes
[109—111]. Instead, this crop relies heavily on phytoanticipins such
as BXs for protection against infection [12]. The principal BX in
maize and wheat is 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-
one (DIMBOA) [13] whereas dicot plants only produce the DIM-
BOA precursor, DIBOA, and its glucoside DIBOA-glc [6]. JA regulates
DIMBOA accumulation in maize leaves as well as both the roots and
above ground parts of wheat (Table 1) [93,112]. DIMBOA further-
more accumulates after O. nubilalis herbivory in conjunction with
build-up of JA and Et [92]. Treatment of maize leaves with exoge-
nous JA and E resulted in a marked increase in DIMBOA, suggesting
that JA/Et synergy plays a positive role in signal transduction
leading to DIMBOA accumulation [92]. Additionally it has been
shown that systemic ABA induces the production of DIMBOA in
maize leaves after root herbivory [91]. It has been shown that
DIMBOA confers resistance to several maize pests including
O. nubilalis and maize plant louse (Rhophalosiphum maydis) [15,16].
Additionally, resistance to fungal infections such as northern and
southern corn leaf blight (caused by Helminthosporium turcicum
and B. maydis respectively) as well as U. maydis are well docu-
mented [15,17,18]. Ahmad et al. (2011) proposed that DIMBOA is
also involved in penetration resistance, independent of tissue
damage, which challenges the classical mode of action accepted for
BXs in maize [5]. The authors showed evidence of enhanced apo-
plastic BX deposition during early infestation by Setosphaeria tur-
tica before any significant host tissue damage, which coincided
with substantial colonisation impediment of S. turtica [5]. More-
over, DIMBOA has been implicated in negative feedback inhibition
[5]. The application of DIMBOA, as well as an indole precursor,
suppressed expression of the BX biosynthetic pathway genes [5].
BXs are synthesised with a glucosyl moiety that renders the
product inactive. B-glucosidases cleave the moiety upon tissue
disruption and the toxic aglucone is released. The purpose behind
negative feedback inhibition remains unclear but it is speculated
that it is a conserved response triggered in order to preclude
autotoxicity and detoxify excess aglucones [5].
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4. Chromosomal organisation of genes governing
biosynthesis of phytoanticipins and phytoalexins

Many secondary metabolite biosynthetic genes in cereals are
scattered throughout the genome. However, lately it has become
evident that operon-like gene clusters are predominantly respon-
sible for encoding secondary metabolites in plants. It is hypoth-
esised that their physical proximity might facilitate coordinated
gene regulation and co-inheritance as well as provide a selective
advantage [113—115].

The first gene cluster in plants was discovered in maize and
shown to be involved in the biosynthesis of the BX, DIMBOA [10].
Thereafter numerous gene clusters in oat and rice were found
[113—116]. The cluster of genes encoding the core enzymes of
DIMBOA in maize are located on the short arm of chromosome 4
[10,117,118]. The first 5 genes in the pathway, ZmBX1-ZmBX5, are
tightly clustered. The first committed step in the BX pathway is
defined by the conversion of indole-3-glycerole phosphate into
indole by BX1 in the plastid [ 10]. Thereafter, four successive oxygen
atoms are introduced into the indole moiety within the micro-
somes by four distinct members of the CYP71 family of cytochrome
P450 dependent monooxygenases (P450s) - BX2 to BX5 [119].
These four enzymes are purported to be substrate specific despite
their apparent homology [10]. Subsequent reactions are catalysed
by two serial UDP-glucosyltransferases, BX8 and BX9 (located on
chromosome 1), a dioxygenase, BX6, and a methyltransferase, BX7,
within the cytosol [117,118,120].

Interestingly, all BX biosynthetic genes are present in all three
genomes of hexaploid wheat; however, unlike maize, the BX
biosynthetic cluster is not intact [121]. Homeologs of TaBx1 and
TaBx2 are positioned on chromosome 4 in all three genomes, while
TaBx3 to TaBx5 homeologs are situated on chromosome 5 in all
three genomes. Despite the physical separation, transcription of
TaBx1 to TaBx5 is synchronised, though each genome contributes
disproportionately to the detected BX load [12,121].

In oats, a trio of genes adjacent to each other within a larger
cluster of biosynthetic genes are collectively necessary for the
production of avenacins [113,115]. Notably, the rice genes for the
biosynthesis of phytocassanes and momilactones are clustered on
chromosomes 2 and 4, which effectively enables a coordinated
induction in rice cells after elicitation [25,122]. A key regulator of
this coordinated expression is OSTGAP1 (O. sativa TGA factor for
phytoalexin production 1), which is a basic leucine zipper tran-
scription factor [25]. In conclusion, it is clear that clustering of
biosynthetic genes for defensive secondary metabolites enables co-
ordinated expression through exposure of the gene cluster to the
transcriptional apparatus, thus facilitating rapid accumulation of
anti-microbial secondary metabolites [113—115].

5. Priming and the production of phytoanticipins,
phytoalexins

Plants are constantly in contact with either beneficial or path-
ogenic microbes, as well as molecules derived from these organ-
isms. This has led to the phenomenon of “priming”. Plants become
“sensitised” or “primed” through these interactions and develop an
enhanced capacity to activate their defence responses when sub-
sequently challenged by pathogens [91,123,124]. Recent data has
implicated phytoanticipins and phytoalexins in the priming process
[83,91,98,125].

Priming is thought to be a form of systemic acquired resistance
(SAR)[124,126]. SAR is a biological state wherein localised exposure
to a “weaker” strain of a pathogen creates long lasting protection
throughout the whole plant to a broad spectrum of pathogens
[89,126]. On a molecular level, SAR results from what is thought to

be a concerted effort of many antimicrobial PR proteins which
accumulate locally and systemically [127]. Moreover, it is thought
that long-distance signalling molecules such as SA, JA, and ROS
partake to mobilise and propagate a signal from the site of infection
throughout the distal regions of the plant [89,124,127]. In recent
years, SAR has been manipulated by researchers through the
application of artificial chemical substances such as BTH in oat,
wheat and rice [108,128,129], but BTH has shown limited applica-
tion in maize [91,130,131.].

Until recently, there was experimental data only implicating
DIMBOA as an active participant of immune priming through
symbiosis and herbivory [91,125]. However, recently emerging data
has alluded to a role for phytoalexins [83,98]. For instance, DIMBOA
accumulates in maize roots as a consequence of a mutualistic
symbiotic relationship with arbuscular mycorrhizal fungi (AMF)
(Fig. 1B) [125]. Researchers used Glomus mosseae to pre-inoculate
two maize varieties before challenging the plants with R. solani
[125]. One maize variety, normally susceptible to R. solani,
responded favourably to the pre-inoculation and displayed reduced
disease severity as well as slower disease development, implying
that the interaction with AMF resulted in an augmented immune
response. Their study suggested that sheath blight can be pre-
vented by mycorrhiza-induced priming of defence responses [125].
AMEF are an ideal bio-protection agent because they occur naturally
in the soil and are therefore able to establish stable associations
[125].

Root herbivory has likewise been shown to modulate the
defence response in aerial leaves in maize (Fig. 1B) and is under
hormonal control [91]. Infestation by a specialist root herbivore in
maize, Diabrotica virgifera virgifera, resulted in resistance to the leaf
herbivore, Spodoptera littoralis, and the necrotrophic fungus, S.
turcica. The study demonstrated that the levels of DIMBOA
increased in the systemic leaves after root herbivory [91]. They
further indicated that JA and ABA accumulates locally in the roots,
but only ABA is translocated systemically and thus inferred that
high levels of ABA in the leaves restricts S. turcica growth through
stimulation of DIMBOA biosynthetic genes [91]. Therefore, it can be
reasoned that ABA plays a role in positively regulating the DIMBOA
biosynthesis pathway in systemic tissue distal to the initial infes-
tation (Table 1).

An interesting approach is to use non-pathogenic mutant strains
of a pathogen to invoke a primed state, which has been demon-
strated in wheat [98]. Researchers used avirulent strains of
F. graminearum to treat wheat heads and attempted to sensitise the
plant immune system. This resulted in systemic transcriptome al-
terations in genes specifically associated with the phenylpropanoid
pathway producing flavonoid phytoalexins, ultimately leading the
authors to argue that phytoalexins play a role in pathogen-induced
priming [98]. Likewise, maize roots were infected with
C. graminicola and when distal leaves were subsequently chal-
lenged with the same pathogen, significant growth retardation was
observed [131]. Concomitant up-regulation of flavonoid biosyn-
thetic genes as well as the key biosynthetic gene of DIMBOA, bx1
[10], was reported in the maize roots [ 131]. Another study revealed
that rice phytoalexins accumulates in response to BTH treatment,
resulting in induced resistance against M. grisea [83]. Interestingly,
a WRKY transcription factor, OsWRKY45, was shown to be a vital
intermediary between BTH and accrual of diterpenoid phytoalexins
[83,132].

6. Future perspectives
As described in this review, a good understanding of the signal

transduction processes that lead from pathogen recognition to
defensive secondary metabolite production is starting to emerge in
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particular plant—pathogen interactions. However, numerous
intriguing questions remain with regards to the signal transduction
pathways and regulation of protective secondary metabolites in
economically important cereal crops.

eHave the terms “phytoanticipins” and “phytoalexins” become
outdated with current data from gene expression and metabo-
lite profiling experiments?

ePlants lack a circulatory system like mammals that can deploy
mobile defence cells such as macrophages: is secondary
metabolite production in plants regulated at the single cell, or-
gan or whole plant level?

eIn addition to signalling events described above, are there
differences in how secondary metabolite biosynthetic pathways
are regulated — what underlies constitutive versus induced
expression?

eDoes induction of defence proteins, e.g pathogenesis-related
proteins, occur in concert with defence metabolites or are
separate pathways involved?

o[s there co-ordinated/co-regulated transcriptional activation of
secondary metabolite biosynthesis and hormone biosynthesis
genes, resulting in hormone-specific control of defence through
secondary metabolites?

eDoes secondary metabolite biosynthesis take place in localised
enzymatic factories in a particular compartment of the plant
cell?

eDoes the suite of defence metabolites expressed mirror the
strategy of the pathogen i.e. are certain types of compounds
induced in response to biotrophic pathogens and a distinctly
different group of compounds induced in response to nectro-
trophic pathogens?

eWill the targeted activation of secondary metabolite pathways
through pathogen-inducible or tissue-specific regulation lead to
novel crop protection strategies?

Future research to address these questions is likely to involve
precision phenotyping of each plant—pathogen interaction
[133,134] combined with “omics” technologies that profile genetic
and epigenetic differences between plant genotypes that can be
correlated with differences in gene expression, global protein levels
and quantitative metabolomics [101,135—138].
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