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Introduction

1. Introduction

Plants are under constant pressure from pests and pathogens posing a substantial
challenge for agricultural food production. Global yield losses associated with agricultural
pathogens and pests for five major food crops (maize, wheat, rice, potato and soybean) are
estimated to be in the range of 17-30% (Savary et al., 2019). With an annual use of about
2 million tons and rising, pesticides are the most preferred measure for disease and pest
management worldwide (Sharma et al., 2019). However, despite their benefits for crop
protection and the associated increase in yield, excessive pesticide use can pose enormous
threats to living organisms and entire ecosystems, which is why their use is highly
controversial. Many pesticides are highly persistent, accumulating for instance in soil and
water and finally entering the food chain, and so pose health hazards to animals and
humans. Additionally, pesticides can be harmful to non-target insects including enemies of
pests or beneficial soil microorganisms (Aktar et al., 2009; Sharma et al., 2019). On top of
that, pesticide application also harbors the risk that pests will develop resistance to
pesticides (Sharma et al., 2019). Therefore, it is of great importance to achieve sustainable
disease and pest management methods that meet both economic and ecological criteria.
Understanding natural plant defense mechanisms and their evolution is crucial for further

developments in this field.

1.1  Specialized plant metabolism

Plants have evolved different mechanisms to protect themselves from detrimental
organisms. These include physical barriers such as waxy cuticles, trichomes, thick cell walls
or bark, and proteinaceous defenses such as proteinase inhibitors and hydrolases.
However, chemical defense through the production of specialized metabolites, also known
as secondary metabolites or plant natural products, is considered most important (Mithofer
and Boland, 2012; Zhan et al., 2014). Most specialized compounds fall into three major
classes: terpenes, phenolics and nitrogen-containing compounds. These are synthesized
mainly by the isoprenoid, phenylpropanoid, fatty acid/polyketide and alkaloid pathways,
which use primary metabolites such as the central precursor acetyl-CoA or amino acids
formed from the shikimic acid pathway (Dixon, 2001). In contrast to primary metabolites that
are universal constituents of all plants and are indispensable for normal growth,

development and reproduction, specialized metabolites are only required under certain
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environmental conditions and show a huge diversity within the plant kingdom (Cluzet et al.,
2020). Collectively, plant species synthesize more than 200,000 low-molecular-mass
specialized metabolites (Dixon and Strack, 2003). This great diversity is thought to be
mainly driven by interactions of plants with enemies and competitors, such as herbivores,
pathogens, or other plants in their environment, which exert selection pressure resulting in
an ongoing evolutionary process of adaptations and counter-adaptations in the plant and
its enemies and competitors, respectively, also termed as evolutionary arms race or
coevolution (Dawkins and Krebs, 1979; Ramawat and Goyal, 2020). However, apart from
natural selection, it should not be forgotten that modern crop plants in particular have also
undergone artificial selection by humans to increase yield, food quality characteristics such
as taste and nutritional value, and suitability for cultivation. This domestication process has
often reduced the resistance of modern versus wild cultivars; an observation that can
probably be partly explained by an altered composition of specialized metabolites (Chen et
al., 2015). Besides their role in defense, plant specialized metabolites are known to fulfill
other important functions such as protection against abiotic stresses or attraction of
pollinators and seed dispersers (Dixon and Paiva, 1995; Ramawat and Goyal, 2020).
Therefore, each plant lineage produces its own set of specialized metabolites depending
on its specific ecological niche (Pichersky and Lewinsohn, 2011). Some classes of
specialized metabolites have a restricted taxonomical distribution, such as glucosinolates
or isoflavonoids, which occur mainly in the Brassicales and Fabaceae, respectively (Fahey
et al., 2001; Al-Maharik, 2019), while others such as flavonoids or terpenes are widely
distributed across the plant kingdom (Mithéfer and Boland, 2012).

1.2 Plant chemical defense repertoire and defense signaling

Plant defense strategies fall into several categories depending on when they occur,
the type of attacker they target, and how direct the defense response is. Defenses may act
either directly or indirectly against the attacker. In direct defense, specialized metabolites
may be toxic, growth inhibitory, repellent, or antinutritive to plant pathogens and/or
herbivores (Mithéfer and Boland, 2012; Pedras and Yaya, 2015). Indirect chemical
defenses, on the other hand, attract enemies of herbivores, for example, by volatile
emission, or might work as internal defense signals. Benzoxazinoids and glucosinolates,
for instance, not only act as direct defense compounds, but also trigger the deposition of

callose as barrier against invaders (Maag et al., 2015).
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Direct and indirect chemical defenses can be present independently of an attacking
organism as preformed or constitutive defenses, or they can be synthesized upon pathogen
or herbivore attack as induced defense (Mithéfer and Boland, 2012). In case of pathogen-
related compounds, constitutive and induced defense metabolites are also termed
phytoanticipins and phytoalexins, respectively (VanEtten et al., 1994). Both are defined as
low molecular weight antimicrobial compounds, but in contrast to phytoanticipins, which are
“‘present in plants prior to microbial infection or are produced from preformed constituents
during infection” (VanEtten et al., 1994), phytoalexins are produced de novo after pathogen
infection or abiotic stress (Paxton, 1980; Hammerschmidt, 1999). Therefore, de novo
phytoalexin biosynthesis usually requires multiple enzymatic reactions, while
phytoanticipins often result from simple hydrolytic cleavage, for instance, of glycosidic
linkages (Pedras and Yaya, 2015). Importantly, Paxton’s definition does not specify whether
or not phytoalexins are important for disease resistance (Paxton, 1980; VanEtten et al.,
1994); however, several examples are known that provide good evidence for the role of
phytoalexins in pathogen defense (Hammerschmidt, 1999) (for example compounds, see
also chapter 1.3 below).

Typically, plants possess both constitutive and induced defenses to prevent further spread
of a disease with the constitutive defenses designed to prevent pathogen entry, for example,
and inducible defenses induced internally in case pathogens are successful in gaining entry
(Zhan et al., 2014). Furthermore, some specialized metabolites serve as both constitutive
and induced defenses in different plant species or even within the same species (VanEtten
et al., 1994; Pedras and Yaya, 2015). While inducible anti-herbivore defenses usually
accumulate both locally at the site of attack as well as systemically in the whole plant
(Mithofer and Boland, 2012), phytoalexin accumulation upon pathogen infection is restricted
to the infection site (Nicholson and Hammerschmidt, 1992). Since many defensive
metabolites are also toxic to the plant itself, constitutively produced compounds are often
stored as inactive precursors (e.g. sugar conjugates) in specialized cells or certain cellular
compartments (e.g. the vacuole). Upon tissue damage, for example, by herbivore feeding,
they come into contact with hydrolyzing enzymes present in other cells or cell compartments
that catalyze conversion to bioactive compounds. This type of defense is also known as
two-component plant chemical defense; prominent examples include glucosinolates,
cyanogenic glycosides, and benzoxazinoids (Pentzold et al., 2014). Induced defense

compounds are considered to be more advantageous than constitutive defenses because
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they minimize the risks of autotoxicity, do not incur costs in the absence of attackers, and

can be tailored to combat specific invading organisms (Pappas et al., 2020).

To recognize and defend against different attackers with a high degree of specificity, plants
possess a system of receptors and complex intracellular signaling networks that lead to
downstream transcriptional reprogramming and establishment of plant defense responses,
including the production of plant secondary metabolites. The first line of induced plant
defense, known as pattern-triggered immunity (PTI), relies on the perception of chemical
cues (elicitors) that either originate from the attacker itself (exogenous signal) or are
released by the plant during the interaction with the attacking organism (endogenous signal)
(Cluzet et al., 2020; Pappas et al., 2020). Depending on the organism responsible for its
release, elicitors are termed pathogen-, microbe-, damage-, or herbivore-associated
molecular patterns (PAMPs, MAMPs, DAMPs, or HAMPs, respectively) and comprise a
diverse array of molecules. Well-known examples are structural components of pathogens
(e.g. fungal chitin or bacterial flagellin), plant cell wall fragments or cytosolic constituents
released upon tissue damage (e.g. by herbivore feeding), and components of the secretions
(e.g. saliva) of herbivores (Maffei et al., 2012). All these molecular patterns are recognized
by specific transmembrane receptors called pattern recognition receptors (PRRs) localized
at the plant plasma membrane. Upon recognition, PRRs trigger downstream signaling
events, such as the rapid elevation of cytosolic Ca?* or generation of reactive oxygen
species (ROS) and nitric oxide (NO), that in turn activate calcium-dependent protein kinase
(CDPK) and mitogen-activated protein kinase (MAPK) cascades, resulting in the
biosynthesis of phytohormones such as jasmonic acid (JA), salicylic acid (SA), and abscisic
acid (ABA). These phytohormones form signaling networks that regulate the expression of
defense-related genes (Seybold et al.,, 2014; Pappas et al., 2020). In case enemies
overcome this first defensive layer, the plant immune system still has a second layer, the
so-called effector-triggered immunity (ETI). ETI is activated when adapted pathogens or
herbivores release effector proteins into the plant cell that suppress components of PTI and
these effectors are in turn recognized by specific plant NB-LRR (nucleotide-binding leucine-
rich repeats) proteins, thereby accelerating and amplifying the basal PTI response. In
addition, ETI is often associated with a hypersensitive response (HR), a type of

programmed cell death, at the site of pathogen infection (Noman et al., 2019).
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1.3 Grasses (Poaceae) and their chemical defenses

The grass family (Poaceae) is a large plant family consisting of roughly 11,500
species in 768 grass genera (Soreng et al., 2017) and is by far the most economically
important plant group (Hodkinson, 2018). It includes major staple food crops such as maize
(Zea mays), wheat (Triticum spp.), rice (Oryza spp.), barley (Hordeum vulgare), rye (Secale
cereale), sorghum (Sorghum spp.), and oat (Avena sativa); sugar crops such as sugarcane
(Saccharum spp.); and also crops used for building material (bamboo; e.g. Bambusa spp.
and Phyllostachys spp.) or biofuel production such as switchgrass (Panicum virgatum),
giant miscanthus (Miscanthus x giganteus), and giant reed (Arundo donax) (Hodkinson,
2018; Scordia and Cosentino, 2019). Phylogenetic studies have divided the Poaceae in 12
subfamilies (Figure 1), with three small subfamilies (Anomochlooideae, Pharoideae, and
Puelioideae) being the most early-diverged lineages and hence sister to all other grasses,
while the majority of grasses are placed in two main clades, termed BOP and PACMAD
based on the first initials of the included subfamilies (Soreng et al., 2017). The BOP and
PACMAD lineages have been suggested to have diverged 55-70 million years ago between

the late Cretaceous and early Eocene (Hodkinson, 2018).

Fr—————=—=—=—==== Joinvilleaceae

1 Anomochlooideae

= _ Pharoideae
Puelioideae
B Bambusoideae (e.g. Bambusa, Phyllostachys)
O Oryzoideae (e.g. Oryza)
P  Pooideae (e.g. Avena, Hordeum, Secale, Triticum)
P Panicoideae (e.g. Miscanthus, Panicum, Saccharum, Sorghum, Zea)
A Aristidoideae
C  Chloridoideae (e.g. Eleusine, Eragrostis)
M  Micrairoideae
A Arundinoideae (e.g. Arundo, Phragmites)
D Danthonioideae

Figure 1. Simplified phylogeny of the grass family (Poaceae). Shown are the 12 subfamilies
and Joinvilleaceae as outgroup. Some important example genera are given in brackets. Modified
after Hodkinson (2018).
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During the past decades, many different classes of defense compounds have been reported
from the grass family (Degenhardt, 2009; Niemeyer, 2009; Ejike et al., 2013). Amongst
these, benzoxazinoids (BXs), especially BX hydroxamic acids (Figure 2), belong to the most
comprehensively studied secondary metabolites in this plant family (Niculaes et al., 2018).
They occur mainly in grass species belonging to the two main clades PACMAD and BOP
(e.g. maize, wheat, and rye; Figure 1), but are also found in a few dicotyledons (Frey et al.,
2009; Kokubo et al., 2017). However, the vast majority of BX-related research, including the
elucidation of their biosynthetic pathway and their biological activity (see chapters 1.4 and
1.5), has been conducted on the model plant maize, representing a huge genetic resource.
BXs are stored as inactive glycosides in the vacuole. Upon tissue disruption and contact to
specific B-glucosidases initially present in the plastids, BXs are hydrolyzed to reactive
aglucones that can subsequently undergo rapid breakdown into benzoxazolinones (Figure
2 and 3, see also next chapter) (Niemeyer, 2009). The functional repertoire of BXs is diverse
and includes defenses against chewing herbivores, piercing-sucking insects, microbes, and
competing plants (allelopathy), as well as interactions besides defense such as iron
acquisition and signaling (Niculaes et al., 2018). In general, BXs can be considered as both
constitutive and induced defense compounds. However, in maize, high BX content (up to a
few mg/g fresh weight) is usually only found constitutively in seedlings, but can also be
rapidly induced in both young and old plants upon insect infestation or fungal infection
(Ahmad et al., 2011; Huffaker et al., 2011a; Kbéhler et al., 2015; Maag et al., 2016).

Besides BXs, non-volatile, species-specific terpenoid phytoalexins are another group of
well-known defensive specialized metabolites in the Poaceae (Figure 2). While maize
produces acidic sesquiterpenoids termed zealexins and diterpenoids termed kauralexins
and dolabralexins (Huffaker et al., 2011b; Schmelz et al., 2011; Mafu et al., 2018), rice is
known for synthesizing a no less extensive assortment of diterpenoids namely oryzalexins,
phytocassanes, and momilactones (Wang et al., 2018). As typical for phytoalexins, these
compounds accumulate in the plant after pathogen infection. In addition, many of these
terpenoids exhibit antifungal activity in vitro and were shown to contribute to plant resistance
against fungal pathogens in vivo (Wang et al., 2018; Ding et al., 2019; Ding et al., 2020).
Kauralexins were also induced by stem herbivory of the European corn borer (Ostrinia
nubilalis) and had a deterrent effect on this insect in choice assays (Schmelz et al., 2011).
More recently, diterpene synthase families have been also reported from other monocot
crops, including wheat, barley, sorghum and switchgrass (Murphy and Zerbe, 2020),

indicating a broader distribution within the grass family.
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Figure 2. Common defense compounds in the Poaceae.
Non-volatile terpenoids: modified after Mafu et al. (2018) and Wang et al. (2018).

Some members of the Poaceae also produce phenylpropanoids upon insect or pathogen
attack. Well-known examples are sakuranetin from rice, apigeninidin and luteolinidin from
sorghum, maysin from maize, as well as chlorogenic acid (3-caffeoyl-quinic acid) (Figure
2). Sakuranetin is an O-methylated flavonoid phytoalexin that accumulates in rice leaves in
response to infection with the rice blast fungus Magnaporthe oryzae or abiotic stress and

shows in vitro antifungal activity to this and other fungal pathogens (Kodama et al., 1992;
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Rakwal et al., 1996; Murata et al., 2020). In addition, this phytoalexin was also shown to
inhibit the growth of M. oryzae in planta (Hasegawa et al., 2014). Similarily, apigeninidin
and luteolinidin are also flavonoid phytoalexins. These red- to- orange colored
3-deoxyanthocyanidins have been shown to accumulate in inclusion bodies in the
cytoplasm of epidermal cells infected with the anthracnose fungus Colletotrichum
graminicola. They exhibit fungitoxic activity in vitro, and have been identified as resistance
factors in vivo (Nicholson et al., 1987; Snyder and Nicholson, 1990; Lo et al., 1999). Maysin
is another flavonoid derivative, more specifically a C-glycoside of the flavone luteolin. It
accumulates in maize silks and is thought to be related to natural resistance against the
herbivore corn earworm (Helicoverpa zea) (Waiss et al., 1979; Wiseman et al., 1992).
Moreover, a derivative of the C-glycosylflavone isovitexin, namely Isovitexin-2'-O--[6-O-E-
p-coumaroylglucopyranoside], found in UV-B irradiated rice leaves, reduced the fertility of
the cotton bollworm (Helicoverpa armigera) (Caasi-Lit et al., 2007). Chlorogenic acid, a
conjugate of caffeic acid and quinic acid, is a widely distributed plant natural product. In
maize, it is induced in leaves, roots, silks, and kernels after insect herbivory or pathogen
infection. It has been shown to reduce the growth of lepidopteran herbivores such as H. zea
and fungal pathogens such as C. graminicola in vitro (Isman and Duffey, 1982; Bushman
et al., 2002; Atanasova-Penichon et al., 2012; Balmer et al., 2013).

Several other classes of defense compounds occur in grasses, such as induced volatile
mono- and sequiterpenes, which act either directly or indirectly against attacking organisms
(Degenhardt, 2009; Wang et al., 2018). Two classes of secondary metabolites, BXs and
flavonoids, and an important enzyme class involved in the formation of these metabolites,
namely O-methyltransferases, were of particular importance for my studies and are

described in more detail in the following sections.

14 BX hydroxamic acids: Chemical properties and biological activity

BXs comprise benzoxazinones that share the basic 2-hydroxy-2H-1,4-benzoxazin-
3(4H)-one (HBOA) skeleton (e.g. 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) or
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)) and their degradation
products, known as benzoxazolinones (e.g. 6-methoxy-2-benzoxazolinone (MBOA))
(Figure 3). Depending on the substitution pattern on the heterocyclic nitrogen atom,
benzoxazinones are further divided into lactams (N-H), hydroxamic acids (N-OH), and
N-O-methylated derivatives (N-OCH3) (Niemeyer, 2009).
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Figure 3. Biosynthesis of BXs in maize (A) and their transformation into reactive intermediates
upon cell damage (B). Biosynthetic intermediates that do not usually accumulate are shown in grey.
Dashed arrows indicate further steps. Modified after de Bruijn et al. (2018) and Wouters et al. (201 6)9
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BX breakdown is initiated by enzymatic hydrolysis of the glycosidic bond, and the stability
and reactivity of intermediates of this breakdown depends largely on the nature of the
nitrogen function and additional functional groups on the benzoxazinone backbone
(e.g. hydroxy and methoxy groups at positions 7 and 8). BX hydroxamic acids are the most
abundant and active BX derivatives produced in plants. This is attributed mainly to the cyclic
hemiacetal unit of their aglucones, which undergoes fast and reversible ring opening by
oxo-cyclo-tautomerism, thereby generating highly reactive a-oxo-aldehyde intermediates
(Figure 3B). Furthermore, upon heterolytic cleavage of the N-O bond, a reactive nitrenium
(N*) ion is formed. Both, the a-dicarbonyl moiety in the open ring form and the nitrenium ion
are potent electrophilic sites that have been suggested to react with nucleophiles in proteins
(e.g. amino and thiol groups) and nucleic acids, thus forming the basis for the deterrent
and/or toxic effects of BXs to insect herbivores and pathogens (Niemeyer, 2009; Wouters
et al., 2016). DIMBOA, for instance, was shown to inhibit proteases such as a-chymotrypsin
and papain and so likely also be active against the digestive enzymes of insect herbivores
(Perez and Niemeyer, 1989; Cuevas et al., 1990). This BX also inhibits aphid
cholinesterases (Cuevas and Niemeyer, 1993), and interferes with detoxification enzymes
of aphids such as glutathione S-transferases and catalases (Loayza-Muro et al., 2000;
Mukanganyama et al., 2003). The ability of BX hydroxamic acids to chelate metal cations

may also play a role in enzyme inhibition (Tipton and Buell, 1970; Marmion et al., 2013).

The reactivity and hence biological activity of BXs is enhanced by O-methylation, e.g. on
the hydroxyl group at C-7 (as in DIMBOA and HDMBOA) or on the N-OH group (as in
HDMBOA). For C-7 O-methylation, increased reactivity is probably due to the electron
donating properties of the 7-methoxy group, which facilitates the cleavage of the N-O bond,
while methylation on the N-OH group increases reactivity by the formation of a better leaving
group at the nitrogen atom (Wouters et al., 2016). Indeed, HDMBOA degrades much more
rapidly than DIMBOA, forming reactive intermediates (e.g. o-imidoquinone). This compound
is considered one of the most active BXs and has been associated with increased
resistance against chewing herbivores (Maresh et al., 2006; Glauser et al., 2011).
Moreover, a correlation between the presence of 7-methoxy BXs and resistance to
Fusarium pathogens was observed in wheat varieties (Sgltoft et al., 2008). As a final result
of ring opening of BX hydroxamic acid aglucones and subsequent spontaneous
degradation, benzoxazolinones are formed, which themselves possess toxic properties to

some organisms (Wouters et al., 2016). MBOA, for instance, inhibited the germination of

10
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conidia and the growth of germ tubes of different fungal pathogens more effectively than its
precursors (Oikawa et al., 2004).

1.5 The biosynthesis of BX hydroxamic acids in grasses

Studies on the biosynthesis of BX hydroxamic acids in maize (Figure 3A) started in
the 1960s (Reimann and Byerrum, 1964), continued with the isolation and characterization
of the core pathway genes in the 1990s and 2000s (Frey et al., 2009), and concluded
recently with the full elucidation of the remaining steps (Meihls et al., 2013; Handrick et al.,
2016). The first step of the pathway is the conversion of the shikimate pathway-derived
indole-3-glycerol phosphate to indole by benzoxazinless 1 (BX1) in the chloroplast (Frey et
al., 1997). BX1 is an indole-3-glycerolphosphate lyase and homologue of the alpha subunit
of tryptophan synthase, but unlike the latter, it is active as a monomer (Frey et al., 2000).
Subsequently, free indole undergoes four consecutive oxidation reactions catalyzed by the
specific oxygen- and NADPH-dependent cytochrome P450 monooxygenases (CYPs) BX2,
BX3, BX4, and BX5 in the endoplasmatic reticulum membrane, leading to the simplest BX
hydroxamic acid DIBOA (Frey et al., 1997). Two cytosolic UDP-glucosyl-transferases, BX8
and BX9, then convert DIBOA to the stable glucoside (Glc) DIBOA-GIc (von Rad et al.,
2001). In the cytosol, DIBOA-GIc is then further oxidized at C-7 by the Fe?*/2-oxoglutarat-
dependent dioxygenase (2-ODD) BX6 and subsequently O-methylated by the
O-methyltransferase BX7 to DIMBOA-GIc (Frey et al., 2003; Jonczyk et al., 2008), which
represents the most abundant BX in undamaged maize plants (Niemeyer, 1988; Cambier
et al., 1999; Kdhler et al., 2015).

However, upon induction by insect herbivory, fungal infection, or elicitor treatment (e.g. JA
or CuCl,), additional BXs are produced in maize and can become the predominant species.
These include 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-GiIc),
2,4-dihydroxy-7,8-dimethoxy-1,4-benzoxazin-3-one  glucoside (DIMBOA-GIc), and
2-hydroxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one glucoside (HDM>BOA-GIc) (Oikawa et
al., 2001; Oikawa et al., 2004; Glauser et al., 2011; Marti et al., 2013; Handrick et al., 2016).
The conversion of DIMBOA-GiIc to its N-O-methyl derivative HDMBOA-GlIc is catalyzed by
three homologous O-methyltransferases, termed BX10, BX11, and BX12 (Meihls et al.,
2013). HDMBOA-GIc was shown to be effective in deterring and reducing the growth of
chewing herbivores (Glauser et al., 2011; Maag et al., 2016), and reducing aphid survival
and reproduction in vitro (Cambier et al., 2001; Meihls et al., 2013). Its precursor DIMBOA-

Glc, on the other hand, has been demonstrated to function as a defense signal that triggers
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callose deposition, thus providing a resistance factor against phloem-feeding aphids
(Ahmad et al., 2011; Meihls et al., 2013; Betsiashvili et al., 2015). Thus, caterpillar-induced
depletion of DIMBOA-GIc in favor of HDMBOA-GIc represents a trade-off between aphid
and caterpillar resistance in maize (Meihls et al., 2013; Tzin et al., 2015).

The final steps of the maize BX biosynthetic pathway were recently elucidated by Handrick
et al. (2016) and involve the successive formation of C-8-O-methylated DIM,BOA-GIc and
HDM.BOA-GIc from DIMBOA-GIc by the 2-ODD BX13 (homologous to BX6) and the
O-methyltransferase BX14 (homologous to BX10-12), with BX7 being recruited to the
pathway a second time. Accumulation of DIM,BOA-GIc and HDM,BOA-Glc were suggested
to be associated with aphid resistance, but in contrast to DIMBOA-GIc due to direct toxicity
rather than triggering callose deposition (Handrick et al., 2016; Song et al., 2017).

Besides maize, the core BX pathway leading to DIBOA-GIc and/or DIMBOA-GIc is also
present in other cereals such as wheat and rye and is likely of monophyletic origin within
the grass family (Frey et al., 2009; Makowska et al., 2015; Tanwir et al., 2017). Moreover,
the accumulation of HDMBOA-GIc with a concomitant decline in DIMBOA-GIc was also
observed in wheat after JA treatment (Oikawa et al., 2002). Although the DIMBOA-GIc
4-O-methyltransferase responsible for this reaction has been partially purified from
JA-treated leaves (Oikawa et al., 2002), so far the corresponding gene remained to be
unknown. The identification and characterization of the respective BX70-like gene in wheat
and its evolution was one of the objectives of this work. Furthermore, | wanted to identify
the ancestral enzymatic activity from which the DIMBOA-Glc O-methyltransferases evolved

in grasses.

1.6 Flavonoids: widely distributed multifunctional plant metabolites

With an estimated number of more than 9,000 compounds and ubiquitous
distribution throughout the plant kingdom, flavonoids are among the largest and most
widespread groups of plant natural products (Williams and Grayer, 2004; Yonekura-
Sakakibara et al., 2019). Research interest in this class of compounds has always been
high, mainly driven by the fact that they have numerous health benefits for humans. For
example, flavonoids are associated with anti-inflammatory, anti-cancer, cardio- and
neuroprotective, antidiabetic, antibacterial, antifungal, and antiviral properties (Dias et al.,
2021).

Flavonoids are derived from the phenylpropanoid and polyketide (or acetate) pathways and

share a 15-carbon core structure (C6-C3-C6), consisting of two aromatic rings (A and B)
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connected by a heterocyclic pyran ring (C) (Figure 4) (Tohge et al., 2017; de Souza et al.,
2020). Based on variation in this heterocyclic ring system (e.g. hydroxylation, double bond
formation, position of attachment of the B-ring), flavonoids are subdivided into several major
subclasses such as flavanones, flavones, dihydroflavonols, flavonols, flavanols,
anthocyanidins, and isoflavones (Marais et al., 2006). Within these classes, the substitution
pattern of the A and B rings differs between individual compounds (Kumar and Pandey,
2013). Common modifications of the flavonoid backbone such as hydroxylation,
glycosylation, O-methylation, and acylation further increase the structural diversity of
flavonoids and alter their stability, solubility, and reactivity (Stobiecki and Kachlicki, 2006).

Given their enormous structural variety, it is not surprising that flavonoids serve as
multifunctional molecules in diverse abiotic and biotic plant-environment interactions. Some
of the well-known biological functions of flavonoids in plants include protection against
oxidative stress and UV radiation due to their antioxidative and absorbing properties,
attraction of pollinators and seed dispersers due to their colors, as well as defense against
insect herbivores and pathogens likely based on various mechanisms (Mierziak et al.,
2014). Some flavonoid derivatives such as the flavone C-glycoside maysin (see chapter
1.3) or isoflavonoid derivatives such as judaicin and maackianin found in chickpea (Cicer
arietinum) have been shown to be deterrent or toxic to herbivores (Wiseman et al., 1992;
Simmonds and Stevenson, 2001). However, the responses of insect herbivores to
flavonoids can vary substantially, and several flavonoid glycosides even appear to act as
feeding stimulants (Simmonds, 2003). Other flavonoids, such as the 3-deoxyanthocyanidins
of sorghum (see chapter 1.3) or the flavan-3-ols of poplar, on the other hand, accumulate
in the plant after pathogen infection and have been demonstrated to play a role in resistance
to pathogens (Lo et al., 1999; Ullah et al., 2017). Simple flavonoid aglucones such as

luteolin and apigenin may also be phytoalexins with antifungal activity (Du et al., 2010b).

Figure 4. Flavonoid antioxidant acticity and biosynthesis. (A) Oxidation of quercetin upon
scavenging of ROS (R?®). Stuctural features and metal (M"*) binding sites important for antioxidant
activity are highlighted in grey. Modified after Kumar and Pandey (2013). (B) Core flavonoid
biosynthetic pathways. Dashed arrows indicate further steps. Enzyme abbreviations: CHS, chalcone
synthase; CHI, chalcone isomerase; F2H, flavanone 2-hydroxylase; F3H, flavanone 3-hydroxylase;
F3'H/F3'5°'H, flavonoid 3'/3’,5’-hydroxylase; FNS, flavone synthase; FLS, flavonol synthase; DFR,
dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; LCR, leucoanthocyanidin reductase.

2
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Although the exact mode of action of flavonoids is mostly unknown, activity is often
associated with their antioxidant properties (Mierziak et al., 2014). Antioxidant activity relies
mainly on the configuration and total number of free hydroxyl groups. Of particular
importance are the hydroxylation pattern of the flavonoid B-ring (e.g. 3'4’-catechol
structure), the presence of a 3-OH group, and a double bond between C-2 and C-3 in
conjugation with a 4-oxo function. These features are essential for scavenging of ROS and
metal ion chelation, two important mechanisms of antioxidant activity (Figure 4A).
Modifications such as glycosylation or O-methylation usually reduce the antioxidant activity
of flavonoids (Heim et al., 2002). The hydroxyl groups of the B-ring (catechol moiety) donate
hydrogen and an electron to free radicals such as superoxide, hydroxyl, and peroxyl
radicals, thereby stabilizing them. In this process, the flavonoid is oxidized to a relatively
stable o-semiquinone radical. Since free transition metal ions such as ferrous iron (Fe?*)
can enhance the production of ROS in the Fenton reaction, the ability of flavonoids to
chelate these metal ions also contributes to their function as antioxidants. (Heim et al.,
2002). In addition, flavonoids have been shown to inhibit enzymes involved in ROS
generation such as animal xanthine oxidase and NADH oxidase (Hodnick et al., 1994; Cos
et al., 1998). Since ROS are induced by various stresses, including pathogen infections,
antioxidant flavonoids may be indirectly involved in plant resistance to necrotrophic
pathogens through suppression of oxidative stress (Zhang et al., 2015).

However, apart from their antioxidant activity, flavonoids have been shown to interact with
lipids, nucleic acids, and proteins, suggesting additional mechanisms of action in relation to
plant defense (Jiang et al., 2016).

1.7  The biosynthesis of flavonoids

Many efforts have been made to elucidate flavonoid biosynthetic pathways, leading
to a detailed characterization of the pathways in several plant species (Tohge et al., 2017).
The core pathway (Figure 4B) is well conserved across plants and starts with the
phenylpropanoid pathway derivative, 4-coumaroyl-CoA, which is condensed with three
malonyl-CoA subunits by the polyketide synthase chalcone synthase (CHS). Subsequently,
the naringenin chalcone produced is cyclized by chalcone isomerase (CHI) to a flavanone
(e.g. naringenin, eriodictyol), the central precursor and first branch point of the flavonoid
biosynthetic pathway. The other central flavonoid subclasses are formed successively by
the hydroxylating or desaturating activity of either membrane-bound CYPs or soluble
2-ODDs. Flavonoid 3-hydroxylases (F3'Hs; CYPs) and flavonoid 3’5’-hydroxylases
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(F3’5’Hs; CYPs) introduce a hydroxyl group on the flavonoid B-rings of various substrates
belonging to different flavonoid subclasses. Dihydroflavonols (e.g. dihydrokaempferol,
taxifolin) are synthesized from flavanones by flavanone 3-hydroxylases (F3Hs; 2-ODDs)
and can be further converted to flavonols (e.g. kaempferol, quercetin) by flavonol synthases
(FLSs; 2-ODDs).

Two distinct types of flavone synthases (FNS) desaturate the C-ring of flavanones and
convert them directly to flavones (e.g. apigenin, luteolin) via different mechanisms (Martens
and Mithofer, 2005; Jiang et al., 2016). While FNSs of type | (FNSI) belong to the 2-ODDs
and catalyze two sequential elimination reactions, FNSs of type Il (FNSII) are CYPs that
are proposed to generate the double bond via a reaction, where initial hydrogen abstraction
from C-2 is followed by hydroxylation at this position and finally dehydration between C-2
and C-3 (Sawada and Ayabe, 2005; Cheng et al., 2014). Interestingly, several FNSII
enzymes have been reported that seem to have lost their dehydratase activity resulting in
the production of 2-hydroxyflavanones and hence are rather flavanone 2-hydroxylases
(F2Hs), often involved in the biosynthesis of flavone C-glycosides in cereals (Akashi et al.,
1998; Du et al., 2010a; Du et al., 2010b; Morohashi et al., 2012).

Additional enzymes such as dihydroflavonol 4-reductases (DFRs), anthocyanidin synthases
(ANSSs), and leucoanthocyanidin reductases (LARs) are involved in further steps leading to
different flavanols and anthocyanidins. Finally, modifications such as glycosylation and
O-methylation are catalyzed by specific flavonoid C- and O-glycosyltransferases and
flavonoid O-methyltransferases (FOMTSs), respectively (Winkel, 2006).

In many cases, these O-methylated flavonoids have been shown to be potent antimicrobial
phytoalexins, often exhibiting higher antifungal activity than their non-O-methylated
precursors. These include O-methylflavonoids found in the Poaceae family such as
sakuranetin (7-methoxynaringenin; see chapter 1.3) (Kodama et al.,, 1992), the 3'5'-
dimethoxylated flavone tricin from rice and other cereal crops (Kong et al., 2010; Zhou and
Ibrahim, 2010), genkwanin (7-methoxyapigenin) found in maize (Balmer et al., 2013),
polymethoxychalcones from barley (Ube et al., 2021), and 5-methoxyluteolinidin from
sorghum (Lo et al., 1996). However, despite initial evidence that genkwanin accumulates in
maize after infection with the fungal pathogen C. graminicola (Balmer et al., 2013), nothing
was previously known about flavonoid phytoalexin biosynthesis in maize. Therefore, the
main goal of this thesis was to investigate fungus-induced flavonoid metabolism in maize,
identify and characterize O-methyltransferases as key players in the formation of

O-methylated flavonoid phytoalexins, and investigate their role in pathogen defense.
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1.8 Plant O-methyltransferases

As already mentioned in the preceding chapters, O-methylation of specialized plant
metabolites is an important and ubiquitously distributed tailoring reaction that helps plants
cope with different biotic and abiotic stresses. O-methylation is catalyzed by S-adenosyl-L-
methionine (SAM)-dependent O-methyltransferases (OMTs), which transfer the methyl
group of the co-substrate SAM to a hydroxyl moiety of various acceptor molecules. This
produces S-adenosyl-L-homocysteine (SAH) and the corresponding methyl ether
derivative, which exhibits reduced reactivity of hydroxyl groups and altered solubility.
Methoxylated flavonoids also have altered biological activity, stability, intracellular
localization, and metabolic fate compared to their hydroxylated progenitors (Ibrahim et al.,
1987; Ibrahim et al., 1998).

Plant OMTs have been classified into three major groups, based on phylogenetic analysis,
conserved amino acid sequence features, protein structures, and their substrate
specificities: the caffeic acid OMTs (COMTs), caffeoyl-CoA OMTs (CCoAOMTs), and
carboxylic acid OMTs (Joshi and Chiang, 1998; Noel et al., 2003; Lam et al., 2007). The
latter belong to the SABATH methyltransferase family, share only marginal sequence
similarities with the other classes of OMTs and are involved, for instance, in the methylation
of phytohormones such as salicylic acid, jasmonic acid, and indole-3-acetic acid (Qu et al.,
2010). CCoAOMTs are bivalent cation-dependent enzymes that have high sequence
similarity with each other and specifically methylate the coenzyme A (CoA) esters of
phenylpropanoids, mainly caffeoyl-CoA, an important step in the biosynthesis of
monolignols (Noel et al., 2003). A distinct subtype of CCOAOMTs, named CCoAOMT-like
enzymes, was shown to accept not only caffeoyl-CoA but also flavonoids as substrates
(Ibdah et al., 2003; Lee et al., 2008). All remaining plant OMTs belong to the large COMT
class, which accepts a variety of different substrates, including phenylpropanoids,
flavonoids, alkaloids, and coumarins. COMTs are larger (40-43 kDa) then CCoAOMTs
(26-30 kDa) and do not require bivalent cations for activity (Lam et al., 2007; Kim et al.,
2010).

The majority of plant OMTs show remarkable substrate specificity as well as regiospecificity
for certain hydroxyl groups (Ibrahim et al., 1998). However, multifunctional OMTs that are
able to utilize structurally related compounds such as flavonoids and phenylpropanoids
(Gauthier et al., 1998; Frick and Kutchan, 1999) or exhibit non-selective positional activity
(Deavours et al., 2006; Itoh et al., 2016; Liu et al., 2020) have also been described. In some

cases, different substrate specificities or regiospecificities have been associated with single
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amino acid changes (Gang et al., 2002; Zhou et al., 2010). Therefore, amino acid sequence
similarity alone is not sufficient for a correct prediction of substrate specificity (Schroder et
al., 2002). Nevertheless, in general there is a good agreement between phylogenetic
clustering of COMTs in distinct subclasses and the structural similarity of their preferred
substrates (Joshi and Chiang, 1998; Lam et al., 2007). While some COMT genes appear to
be evolutionary conserved across species, there are several examples that support
divergent and convergent evolution within the COMT class. This means that structurally
similar enzymes have diverged from a common ancestor to act on different substrates, or
that structurally distinct enzymes that do not share a common ancestor have evolved
independently (convergently) in different species to act on similar substrates (Lam et al.,
2007).

The elucidation of crystal structures of isoflavone OMTs (IOMTs) from legumes by X-ray
crystallography has revealed the structural basis of COMT-type OMT activity (Zubieta et al.,
2001; Zubieta et al., 2002; Liu et al., 2006). In contrast to non-plant OMTs that are usually
monomeric, all plant OMTs appear to be active as homodimers (Noel et al., 2003). COMTs
additionally have an N-terminal domain that is involved in dimerization, with the dimer
interface forming the back wall of the active site and therefore concurrently contributing to
substrate binding. All other residues involved in substrate binding, SAM binding and
catalysis are located in the C-terminal domain. A hydrophobic methionine-rich active site
pocket is typical to ensure binding of the hydrophobic substrates (Zubieta et al., 2001). The
methylation reaction follows a Sn2-like mechanism, involving a conserved His base for
deprotonation of the target hydroxyl group and negatively charged residues such as Glu or
Asp for stabilization. Initial deprotonation is followed by nucleophilic attack of the generated
phenolate anion of the substrate on the reactive methyl group of SAM (Zubieta et al., 2001;
Zhou et al., 2010). In Manuscript I, | used the knowledge about IOMT structure-activity
relationships to explore the determinants of substrate specificity of DIMBOA-GIlc OMTs and

their ancestors in grasses.
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Convergent evolution of a metabolic switch between aphid and caterpillar resistance

in cereals

Beibei Li, Christiane Forster, Christelle A. M. Robert, Tobias Zust, Lingfei Hu, Ricardo A. R.
Machado, Jean-Daniel Berset, Vinzenz Handrick, Torsten Knauer, Gotz Hensel, W anxin

Chen, Jochen Kumlehn, Ping Yang, Beat Keller, Jonathan Gershenzon, Georg Jander,
Tobias G. Kollner, and Matthias Erb

Published in Science Advances (2018), 4, doi:10.1126/sciadv.aat6797

Summary:
The benzoxazinoid (BX) DIMBOA-GIc is converted to the N-O-methyl derivative HDMBOA.-

Glc upon induction by herbivory in both maize and wheat. Using a transcriptome-based
approach, the herbivore-induced wheat gene encoding the DIMBOA-GIc 4-O-methyl-
transferase (OMT) TaBX10 that catalyzes this reaction was identified. TaBX70 was shown
to be only distantly related to the previously characterized maize DIMBOA-GIc 4-OMT
genes (ZmBX10-ZmBX12, and ZmBX14), suggesting independent evolution of these OMTs
in wheat and maize. However, the function of these BXs in defense and defense regulation
was shown to be the same in both species; the precursor DIMBOA-GIc is linked to callose-

mediated aphid resistance and the product HDMBOA-GIc is linked to caterpillar resistance.
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2.2 Manuscriptll

Biosynthesis and antifungal activity of fungus-induced O-methylated flavonoids in

maize

Christiane Forster, Vinzenz Handrick, Yezhang Ding, Yoko Nakamura, Christian Paetz,

Bernd Schneider, Gabriel Castro-Falcén, Chambers C. Hughes, Katrin Luck, Sowmya
Poosapati, Grit Kunert, Alisa Huffaker, Jonathan Gershenzon, Eric A. Schmelz, and Tobias.
G. Kodllner

Published in Plant Physiology (2021), doi:10.1093/plphys/kiab496

Summary:
In this study, the metabolism of flavonoids, particularly the formation of O-methylated

flavonoids, after fungal infection was comprehensively investigated in maize. Three OMT
genes (ZmFOMT2, ZmFOMT4, and ZmFOMTY5) and a gene encoding a cytochrome P450
monooxygenase (CYP) of the CYP93G subfamily (F2H2) were identified and shown to be
up-regulated upon fungal infection. The encoded enzymes exhibited distinct regiospecificity
and were able to produce major constituents of the induced maize flavonoid blend in vitro,
including a novel tautomeric di-O-methylated flavonoid derivative termed xilonenin.
Xilonenin and other abundant O-methylflavonoids and non-O-methyl flavonoids showed
varying antifungal activities in in vitro bioassays. The role of complex flavonoid mixtures in

maize pathogen defense is discussed.
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2.3 Manuscript

Evolution of DIMBOA-GIc O-methyltransferases from flavonoid O-methyl-

transferases in the grasses

Christiane Forster, Jonathan Gershenzon, and Tobias G. Kollner

Submitted for publication to Molecules (MDPI)

Summary:
Two flavonoid 5-OMTs, ZmFOMT2 and ZmFOMT3, associated with flavonoid phytoalexin

biosynthesis in maize are closely related to the DIMBOA-GIc 4-OMTs ZmBX10, ZmBX11,
ZmBX12 and ZmBX14 (Manuscript IlI). Phylogenetic analyses and biochemical
characterization revealed homologous enzymes in several other Poaceae species and
suggested that DIMBOA-GIc 4-OMTs evolved from flavonoid OMTs in the PACMAD clade
of the grasses. The enzymatic requirements for flavonoid and benzoxazinoid substrate
specificity were studied by homology modeling and in vitro mutagenesis and indicated that

complex amino acid changes are likely required for the activity switch.
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Convergent evolution of a metabolic switch between
aphid and caterpillar resistance in cereals
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Tailoring defense responses to different attackers is important for plant performance. Plants can use secondary
metabolites with dual functions in resistance and defense signaling to mount herbivore-specific responses. To date,
the specificity and evolution of this mechanism are unclear. Here, we studied the functional architecture, specificity,
and genetic basis of defense regulation by benzoxazinoids in cereals. We document that DIMBOA-GIlc induces
callose as an aphid resistance factor in wheat. O-methylation of DIMBOA-GIc to HDMBOA-GIc increases plant
resistance to caterpillars but reduces callose inducibility and resistance to aphids. DIMBOA-GIc induces callose in
wheat and maize, but not in Arabidopsis, while the glucosinolate 4MO-I13M does the opposite, We identify a wheat
O-methyltransferase (TaBX10) that is induced by caterpillar feeding and converts DIMBOA-Glc to HDMBOA-Glc in vitro.
While the core pathway of benzoxazinoid biosynthesis is conserved between wheat and maize, the wheat genome
does not contain close homologs of the maize DIMBOA-Glc O-methyltransferase genes, and TaBx10is only distantly
related. Thus, the functional architecture of herbivore-specific defense regulation is similar in maize and wheat,
but the regulating biosynthetic genes likely evolved separately. This study shows how two different cereal species
independently achieved herbivore-specific defense activation by regulating secondary metabolite production.

Copyright © 2018

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.5. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

INTRODUCTION

The capacity to resist a large diversity of herbivores is essential for
plant fitness in nature and yield in agriculture. Plant resistance
strategies are complicated by the fact that herbivores with different
lifestyles are susceptible to different types of defenses. Chewing herbi-
vores, for instance, ingest entire leaf parts and are therefore susceptible
to plant toxins that accumulate throughout the leaf (1, 2). By contrast,
piercing-sucking herbivores, such as aphids, often feed directly from
the phloem and are therefore most susceptible to phloem-specific de-
fenses (3, 4). The resulting selection pressure for herbivore-specific
deployment of defenses has important consequences for the evolution,
physiology, and ecology of plant immunity against herbivores (5-7).

To mount herbivore-specific defense responses, plants have
evolved several regulatory mechanisms, Phytohormonal signaling
and cross-talk, for instance, allow plants to finely regulate their in-
duced responses (8). In this context, jasmonate (JA) signaling is often
associated with induced resistance to chewing herbivores, while salic-
ylate (SA) signaling is associated with resistance to piercing-sucking
insects (9). However, the picture is likely more complex, as plants
use a variety of hormones to form signaling networks that allow for
targeted responses against chewing and piercing-sucking herbivores
(8, 10).

Apart from hormonal cross-talk, plants can also use secondary
metabolites as defensive switches. In maize, the benzoxazinoid
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one--p-glicopyranose
(DIMBOA-GIc) and its aglucone DIMBOA are positive regula-
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tors of callose induction and are associated with increased aphid
resistance (11), while the DIMBOA-Glc O-methylation product
2-(2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one)-p-n-
glucopyranose (HDMBOA-GIc) acts as a feeding deterrent against
both aphids and chewing herbivores in vitro (12, 13). Upon cater-
pillar attack, maize plants transform DIMBOA-Glc into HDMBOA -
Glc by up-regulating the transcription of three closely related
O-methyltransferases (OMTs) (ZmBX10-ZmBX12) (13, 14). By
contrast, upon aphid attack, the aglucone DIMBOA is secreted into
the apoplastic space, and DIMBOA-GIc levels remain high (11).
Maize DIMBOA-Glc OMTs may therefore act as metabolic switches
between caterpillar and aphid resistance. However, the relative con-
tributions of DIMBOA-Gle and HDMBOA-Glc to in planta cater-
pillar resistance remain to be determined.

Similar to benzoxazinoids in grasses, glucosinolates can regulate
callose deposition in Arabidopsis (Arabidopsis thaliana). 4-Hydroxy-
indol-3-yl-methyl glucosinolate (4MO-I3M) is necessary and sufficient
to induce callose in response to microbe-associated molecular patterns
such as the flagellin peptide flg22 (15). Callose deposition depends on
the myrosinase PENETRATION 2 (PEN2) and may therefore be elicited
by 4MO-I3M breakdown products (15). Callose deposition upon in-
fection with fungal and oomycete pathogens is still intact in PEN2- and
4MO-I3M-—deficient mutants, suggesting that 4MO-I3M is not strictly
required for induced callose deposition in Arabidopsis (16). Despite
their differences, 4MQO-13M and DIMBOA share some structural and
biosynthetic similarities, including an aromatic ring bearing an O-
methoxy group, a glucose moiety and indole as a precursor. Whether
the capacity of benzoxazinoids and glucosinolates to regulate callose
is conserved across mono- and dicotyledons is unclear (17).

A common feature of regulation of herbivore-specific defenses
is that these defenses can result in signaling trade-offs. The induc-
tion of SA-mediated defenses by piercing-sucking insects, for instance,
suppresses JA-dependent volatile defenses against other herbivores
(18). Furthermore, many early signaling elements, which are re-
quired for induced defenses against chewing herbivores, result in
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susceptibility against piercing-sucking insects (19-21). Whether sec-
ondary metabolite switches also result in similar trade-offs is less
understood. In maize, caterpillar feeding increases aphid reproduc-
tion in some cultivars, and this effect was mapped to the ZmBx10-
ZmBx12 locus (22), lending first support to the hypothesis that the
caterpillar-induced conversion of DIMBOA-Glc to HDMBOA-Glc
reduces aphid resistance.

While the ecological relevance of herbivore specificity in defense
induction is well established, much less is known about the evolution
of the underlying mechanisms for that specificity. Analysis of the re-
cent literature suggests that the negative interaction between JA and
SA is a conserved trait that was likely already present in the ancestor
of angiosperms (5). To what extent secondary metabolite switches
are evolutionarily conserved is currently unknown. Some secondary
metabolites have evolved independently several times (23). In general,
the rapid evolution and variation in plant secondary metabolites
(24, 25) may favor convergent evolution of secondary metabolite
switches mediating specific herbivore resistance.

In this study, we characterized the specificity, functional archi-
tecture, and genetic basis of aphid and caterpillar resistance in
wheat. On the basis of current knowledge on caterpillar and aphid
resistance in maize, we focused on benzoxazinoids as direct and
indirect regulators of resistance. The core benzoxazinoid pathway
is conserved among different cereals and likely to be of monophy-
letic origin within the Poaceae (26). Furthermore, the induction of
HDMBOA-GIc at the expense of DIMBOA-Glc upon caterpillar
attack occurs in both wheat and maize (12, 27). We therefore hy-
pothesized that the switch between aphid and caterpillar resis-
tance should be conserved between the two species as well. To test
this hypothesis, we first explored the functional architecture of
benzoxazinoid-dependent defense and resistance by overexpressing
a maize DIMBOA-Glc OMT in wheat. This approach allowed us to ex-
plore the importance of HDMBOA-Glc accumnulation for caterpil-
lar resistance in vivo and to quantify the contribution of DIMBOA-Glc
methylation to caterpillar-induced aphid susceptibility. To eval-
uate the specificity of callose regulation by benzoxazinoids, we con-
ducted complementation experiments with benzoxazinoids and
glucosinolates in wheat and Arabidepsis. Last, we analyzed the
genetic architecture of the benzoxazinoid switch by transcriptional
profiling, heterologous expression, and genome-based phylogenetic
analyses.

RESULTS

Influence of DIMBOA-GIc O-methylation on wheat defense
To explore the role of DIMBOA-Glc O-methylation in wheat, we
generated transgenic plants harboring the DIMBOA-Glc OMT
gene ZmBx12 from maize under the control of a constitutive maize
UBIQUITINI promoter. Experiments were carried out using two
T2 homozygous transgenic lines (OeBx12_1 and OeBx12_2), which
constitutively expressed ZmBx12 (Fig. 1A). Compared with wild-type
plants, OeBx12 leaves accumulated high amounts of HDMBOA-Glc
at the expense of DIMBOA-Glc and DIMBOA, which were almost
entirely depleted (Fig. 1B). The HDMBOA-Glc breakdown product
MBOA also accumulated in higher amounts in OeBx12 lines, while
HMBOA-Glc, which is likely formed from DIMBOA-Glc or DIBOA-
Glc, was present in lower concentrations (fig. S1). Levels of the other
benzoxazinoids in the leaves did not change significantly, apart
from a slight increase in DIM,;BOA-Glc in one of the OeBx12 lines
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(fig. S1). Similar patterns were found in phloem sap collected through
aphid stylectomy (Fig. 1C). While DIMBOA-Glc and DIMBOA were
dominant in the phloem of wild-type plants, OeBx12 lines accumu-
lated high amounts of HDMBOA-GlIc at the expense of DIMBOA-
Glc and DIMBOA (Fig. 1C). OeBx12 plants grew similar to their
wild-type counterparts (Fig. 1D) and accumulated similar amounts
of sugars, starch, and soluble protein in their leaves (fig. S1). We
also did not find any consistent changes in free amino acids in the
leaves and phloem of wild-type and OeBx12 plants (fig. S1). Higher
amounts of ferulic acid were observed in OeBx12 plants compared
with wild-type plants (fig. S2). Furthermore, OeBx12 plants displayed
less callose induction following treatment with the fungal elicitor
chitosan (Fig. 1E) and aphid infestation (Fig. 1F). Thus, the func-
tional architecture of benzoxazinoid regulation of callose seems to
be similar in wheat and maize.

To better understand the relationship between benzoxazinoids
and callose induction, we infiltrated wild-type and OeBx12 plants
with DIMBOA, DIMBOA-Glc, and HDMBOA-Glc. DIMBOA and
DIMBOA-Glc treatments induced significant callose deposition in
the leaves of wild-type plants, while HDMBOA-Glc had no effect
(Fig. 2A). Unexpectedly, complementation of OeBx12 plants with
DIMBOA or DIMBOA-Glc did not result in any callose induction
(Fig. 2A). We devised two hypotheses to explain this result. First, we
postulated that the high levels of HDMBOA-Glc in OeBx12 plants
may inhibit callose induction. To test this hypothesis, we infused
wild-type leaves with combinations of DIMBOA, DIMBOA-Glc,
and HDMBOA-Glc. Co-infusion of HDMBOA-Glc did not suppress
callose induction by DIMBOA and DIMBOA-Glc (Fig. 2C). As an
alternative hypothesis, we tested whether the infused DIMBOA and
DIMBOA-Glc are rapidly metabolized in OeBx12 lines. Infusion of
DIMBOA and DIMBOA-Glc increased DIMBOA-GIc levels in
wild-type plants, but not in OeBx12 lines (Fig. 2D), where levels
remained constantly low. The levels of two likely metabolic products,
HDMBOA-Glc and MBOA, were not significantly increased in the in-
filtrated leaves in any of the lines upon DIMBOA or DIMBOA-Glc
infiltration (fig. $3). These results suggest that either rapid transfor-
mation to yet unidentified, inactive catabolites or rapid transport of
HDMBOA-GIc or MBOA into systemic tissues may have prevented
the induction of callose by DIMBOA and DIMBOA-Glc in OeBx12
lines.

Specificity of callose induction by benzoxazinoids

and glucosinolates

To better understand the specificity of DIMBOA and DIMBOA-Glc
as callose inducers, we infused the metabolites into Arabidopsis leaves.
As a cross-comparison, we infused the glucosinolate 4MO-I3M, which
is known to induce callose in Arabidopsis (15), into Arabidopsis and
wheat. 4MO-13M, but not DIMBOA or DIMBOA-Glc, induced cal-
lose in Arabidopsis (fig. S4A). 4MO-I3M did not induce callose in
wheat (fig. $4B). Overall, we did not detect any callose induction in
cross-infusions. Thus, the induction of callose by secondary metab-
olites is specific for the respective plant species.

Influence of DIMBOA-GIc O-methylation on caterpillar and
aphid resistance

In maize, high DIMBOA-GIc levels are required for aphid resistance
(13), while HDMBOA-Glc has been shown to act as a deterrent for
caterpillars in vitro (12). To test whether DIMBOA-Glc O-methylation
affects aphid and caterpillar resistance in wheat, we conducted a series
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Fig. 1. Phenotype of ZmBx12-overexpressing wheat lines. (A) Relative (rel.) expression of the maize DIMBOA-Glc OMT ZmBx12 in wild-type (WT) and ZmBx12-overexpressing
plants (n = 3). (B) Major benzoxazinoids in the leaves of the different lines (n = 5). FW, fresh weight. (C) Major benzoxazinoids in the phloem of the different lines (n =3 to 4).
(D) Representative photograph of WT and transgenic lines. (E) Chitosan-induced callose deposition {(n =9 to 12). (F) Aphid-induced callose deposition (n = 23 to 39). Because
of irregular shapes and brightness of callose induction spots following aphid attack, area*rel. brightness were used to assess callose deposition. Different letters indicate signifi-
cant differences between wheat lines [analysis of variance (ANOVA) followed by Holm-Sidak post hoc tests, P < 0.05]. Photo credit for (D): B. Li and T. Ziist, University of Bern.

of preference and performance tests. When given a choice, Spodoptera
littoralis caterpillars preferred to feed on wild-type plants rather
than on OeBx12 lines (Fig. 3A). Furthermore, they consumed more
leaf biomass on wild-type plants (Fig. 3B). Caterpillar growth in no-
choice experiments was not significantly affected (Fig. 3C). Sitobion
avenae aphids, on the other hand, grew better on OeBx12 than wild-
type plants (Fig. 3D). Thus, DIMBOA-Glc O-methylation increases
caterpillar resistance through antixenosis but decreases aphid re-
sistance in the form of antibiosis. To test whether DIMBOA-Gle
O-methylation affects resistance against two common fungal patho-
gens, we quantified infection by powdery mildew (Blumeria graminis
f. sp. tritici) and leaf rust (Puccinia recondita f. sp. tritici). OeBx12
expression did not affect wheat resistance against these pathogens
(fig. S5).
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Caterpillar attack increases DIMBOA-Glc O-methylation, and
the resulting suppression of callose through DIMBOA-Glc deple-
tion may weaken aphid resistance. To test this hypothesis, we
first profiled changes in benzoxazinoids in the leaves of wild-type
and OeBx12 plants, which were induced by S. littoralis for 24 hours.
In wild-type plants, HDMBOA-Glec levels increased sixfold with-
in 24 hours, and DIMBOA-GIc levels dropped threefold within
72 hours (Fig. 4A). By contrast, no significant changes were observed
in OeBx12 plants, apart from a slight reduction in HDMBOA-Glc
over time (Fig. 4A). In contrast to caterpillar attack, infestation
with S. avenae aphids did not change DIMBOA-GIc, DIMBOA, or
HDMBOA-Glc levels in wheat leaves (fig. $6). Chitosan-induced cal-
lose deposition was significantly suppressed upon S. littoralis attack
in wild-type plants. By contrast, no changes in callose inducibility
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or HDMBOA-GIc (n = 4 to 11). (B) Representative photographs of callose induction in WT plants after aniline blue staining. (C) Callose induction in WT plants treated with
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infused with DIMBOA-Glc or DIMBOA (n = 3). Different letters and asterisks indicate significant differences between treatments within lines (ANOVA followed by Holm-Sidak

post hoc tests, P < 0.05). Photo credit for (B): B. Li, University of Bern.

were observed upon 8. littoralis attack in OeBx12 plants (Fig. 4B).
These results suggest that the S. littoralis-mediated suppression
of DIMBOA-GIc leads to a reduction in callose inducibility.

To test whether DIMBOA-Gle O-methylation affects the interac-
tion between caterpillars and aphids on the same plant, aphids were left
to grow on S. littoralis-induced leaves of wild-type and OeBx12 plants
in two different experiments. Overall, S. littoralis attack had a negative
effect on aphid growth. The magnitude of this effect varied between
experiments (Fig. 4C). In both experiments, the negative influence of
S. littoralis attack on aphid performance was slightly more pronounced
in OeBx12 plants than in wild-type plants (Fig. 4, C and D). Thus, the
absence of callose suppression in OeBx12 plants is associated with a
slight accentuation of caterpillar-induced resistance to aphids,

Identification of the wheat DIMBOA-GIc OMT TaBX10

As the core pathway of benzoxazinoid biosynthesis is conserved be-
tween wheat and maize (26), we hypothesized the wheat DIMBOA-
Glc OMT might be an ortholog of maize ZmBx10-ZmBx12 or
ZmBx14 (14, 28). However, initial BLAST analysis revealed no ortho-
logs of these genes in the wheat genome. We therefore sequenced the
transcriptomes of §. litforalis—damaged and §. littoralis—undamaged
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wheat leaves to identify potential herbivore-induced OMT genes
(fig. S7). Mapping of the obtained Illumina reads to the wheat gene
model version 2.2 (29) and subsequent analysis of digital gene ex-
pression (EDGE) identified eight OMT gene candidates that were
differentially expressed in the two treatments (fig. S7B and table S1).
While none of the eight genes were homologous to ZmBx10/11/12/14,
five of them showed a moderate sequence similarity to ZmBx7, an
OMT involved in the methylation of hydroxyl groups on the aro-
matic ring of the benzoxazinoid core structure (fig. 58) (28, 30). The
remaining three candidates were only distantly related to benzoxazi-
noid OMTs and grouped together with SABATH methyltransferase
genes from maize, suggesting a function as benzenoid carboxyl
methyltransferases (31, 32). Sequence comparison of the five wheat
OMT genes similar to ZmBx7 revealed that only two of them en-
coded full-length OMT proteins (fig. $9). These two genes, Traes
4AL C467B516F and Traes 2BL. C467B516F, showed 100% nucle-
otide identity to each other. Quantitative reverse transcription poly-
merase chain reaction (QRT-PCR) analysis confirmed that they were
strongly up-regulated after herbivory (fig. $7C). Construction of a de
novo transcriptome based on the Illumina reads from S. littoralis—
damaged wheat leaves revealed no further herbivore-induced

4o0f14

29



Manuscript |

SCIENCE ADVANCES | RESEARCH ARTICLE

A B
50
WT | OeBx12_2 _
@ 540 r
g P —— =
£ S
5 £
o .
5 g 30 . .
= WT OeBx12_1 E
5 8 20 ¢
o "
i —— 9
10
L I i I} 0 L L I ]
2 1 0 1 WT  OeBx12_1 WT QeBx12_2
Caterpillars per plant Wheat genctype
c D
4500 ns 160
< 4000 . T 140 | oWt b
= | b
-‘CE 3500 i I =120 | o 2&BX12_1
3000 T T -@—-0eBx12_2
g I <100 f ba
c 2500 @
5 2000 S80 F  RM-ANOVA:
s - Qenc:ktx‘pe n.s.
S 1500 =5 Time
1000 | —= 40 t GxT
500 20
D 1 I ] O 1 1 1 1 1 1 1 1 L L ]
WT OeBx12_1 OeBx12_2 12 3 4 5 6 7 8 9 10 11
Wheat genotype Day post-infestation

Fig. 3. DIMBOA-Glc O-methylation changes aphid and caterpillar resistance in opposite directions. (A) Preference of S. littoralis caterpillars for WT or ZmBx12-
overexpressing plants (n = 15 to 21). (B) Leaf damage in a choice situation (n = 8). Asterisks indicate significant differences between lines (one-sample t tests on pairwise
differences, *P < 0.05, **P < 0.01, ***P < 0.001). (C) Caterpillar growth in a no-choice experiment. (D) 5. avenae aphid reproduction on different lines. Different letters indicate
differences between plant lines (repeated-measures ANOVA followed by Holm-Sidak post hoc tests, P < 0.05). Significance levels for repeated-measure ANOVA factors are

shown. n.s., not significant.

ZmBx10/11/12/14-like OMT genes in comparison to those found in
the gene model version 2.2 (fig. S10).

To characterize the enzymatic activity of the OMT protein encoded
by Traes 4AL C467B516F/Traes 2BL C467B516F, the complete open
reading frame, designated as TaBx10, was amplified from comple-
mentary DNA (cDNA) made from herbivore-damaged wheat leaves
and heterologously expressed in Escherichia coli. In the presence of the
OMT cosubstrate S-adenosyl-1.-methionine, purified recombinant
TaBX10 was able to convert DIMBOA-GIc and DIM,BOA-Gl¢ into
HDMBOA-Glc and HDM>BOA-Glg, respectively (Fig. 5A). Maize
ZmBX10 was used as positive control and showed exclusively DIMBOA-
Glc OMT activity, as previously reported (13, 28). No product forma-
tion was observed when the substrates were incubated with an empty
vector control (fig. S11). TaBx10 expression was similarly induced
by 8. littoralis in wild-type and OeBX12 lines (fig. $12).

Independent evolution of benzoxazinoid OMT activity

in maize and wheat

Maize and wheat belong to the Panicoideaec (PACMAD lineage)
and Pooideae (BEP lineage), respectively, two major grass sub-
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families that diverged 50 to 70 Ma ago (33). Our initial sequence
comparison of maize and wheat OMT genes revealed that the
two TaBx10 gene copies have only 54 to 58% nucleotide sequence
identity to ZmBx10/11/12/14 and are not directly related to the
ZmBx10/11/12/14 gene cluster in maize (fig. S8), suggesting inde-
pendent evolution of DIMBOA-Glec OMT activity in the Pani-
coideae and Pooideae. To study this evolutionary scenario in more
detail, we extracted full-length OMT gene sequences with simi-
larity to Bx7 from all Poaceae genomes available in the Phytozome
database and included them into our phylogenetic analysis. The
resulting phylogenetic tree showed that maize ZmBx10/11/12/14
clustered within a well-defined clade (PACMAD lineage - specific
Bx10 clade), which comprised exclusively genes from Panicoideae
and Chloridoideae species (Fig. 5B and fig. $13). In contrast, the
sister clade contained genes from various Pooideae/Chloridoideae
and Panicoideae species including wheat and maize. This indi-
cates that the ancestors of the PACMAD lineage-specific Bx10
clade and its sister clade must have existed before the separation
of the Panicoideae/Chloridoideae and Pooideae and that the Bxi0
clade ancestor was probably lost early in the evolution of the
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Pooideae. The fact that the two TaBx10 gene copies grouped to-
gether with other Pooideae and Panicoideae genes in a clade that
was separated from the Bx10 clade and its sister clade (Fig. 5B) con-
firms our initial hypothesis of independent evolution of DIMBOA-
Glc OMT activity within the grasses.

Independent evolution of benzoxazinoid and

glucosinolate OMT

To test whether benzoxazinoid OMT genes are related to glucosinolate
OMT genes, we included indole glucosinolate O-methyltransferase 1
(IGMT1) and IGMT?2, two recently identified OMT's from Arabidopsis
that catalyze the methylation of 4-hydroxy-indol-3-yl-methyl gluco-
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sinolate (40H-13M) to 4MO-13M (37), into our phylogenetic analy-
sis. As expected, IGMT! and IGMT2 grouped together with other
Arabidopsis OMT genes and were separated from TaBx10 or
ZmBx10/11/12/14 (fig. §14), suggesting independent evolution of
benzoxazinoid and glucosinolate OMT activity.

DISCUSSION

Plants can use secondary metabolites to deploy herbivore-specific de-
fense responses. This study illustrates that a single, herbivory induc-
ible methylation step serves as a switch and trade-off point between
aphid and caterpillar resistance in wheat. Unexpectedly, while the core
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Fig. 5. Identification and characterization of TaBX10 as a functional DIMBOA-Glc OMT. (A) Recombinant TaBX10 methylates DIMBOA-GIc and DIM;BOA-GIc. The
enzyme was heterclogously expressed in E. coli, purified, and incubated with a mixture of DIMBOA-Glc and DIM;BOA-Glc. Enzyme products were analyzed using liquid
chromategraphy-tandem mass spectrometry (LC-MS/MS). CPS, counts per second (electron multiplier). (B) Phylogenetic tree of Poaceae OMT genes similar to Bx7. Maize
Bx7,10,11,14 and wheat TaBx10 are shown in red and green, respectively. The tree represents a subclade of a larger Poaceae OMT tree that is given in fig.513. The tree was
inferred by using the maximum likelihood method based on the Tamura 3-parameter model. Bootstrap values are shown next to each node. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. Zm, Zea mays; Sb, Sorghum bicolor; Sv, Setaria viridis; Si, S. italica; Pv, Panicum virgatum; Ph, P. hallii;
Ot, Oropetium thomaeum; Ta, T. aestivum; Hv, Hordeum vulgare; Bd, Brachypodium distachyon; Bs, B. stacei; Os, Oryza sativa. The PACMAD lineage-specific Bx10 clade is
marked in red, and its sister clade is marked in blue.
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biosynthesis pathway and the functional architecture of the defense
switch are similar in wheat and maize, the responsible enzymes have
evolved independently from each other. Below, we discuss these re-
sults from physiological, ecological, and evolutionary points of view.

The role of benzoxazinoids, including the methylation of DIMBOA-
Glc to HDMBOA-GIg, in plant-herbivore interactions has been
studied in detail in maize (12-14, 22, 28, 34). In vitro experiments
with DIMBOA and HDMBOA-Glc suggested that HDMBOA-Glc
may be more potent as a feeding deterrent, as it is rapidly deglyco-
sylated and converted into unstable breakdown products (35), which
precludes its detoxification by reglycosylation (12). Our results support
this hypothesis by showing that the overproduction of HDMBOA-
Glc renders plants less attractive and reduces leaf damage by S. littoralis.
Apparently, HDMBOA-GIc acts as a strong antixenotic rather than
an antibiotic, as caterpillar growth was not reduced in the transgenic
lines. How caterpillars avoid negative consequences of HDMBOA-
Glc on their digestive physiology remains to be determined. The
increased levels of ferulic acid in HDMBOA-Glc-overproducing
lines suggest that other secondary metabolites may be regulated by
DIMBOA-Glc O-methylation. While the mechanisms behind this
phenomenon remain unclear, it is possible that the increased levels
of other defenses in HDMBOA-Glc-overproducing lines may have
contributed to the reduction in caterpillar feeding.

Although HDMBOA-Glc is also toxic to aphids (14), aphids grow
better on maize cultivars with high HDMBOA-Glc levels and low
DIMBOA-Glc levels, which coincides with lower callose inducibility
in these genotypes (14). Together with the fact that caterpillar attack
induces HDMBOA-Glc production and depletes DIMBOA-GIc re-
serves (12), this led to the hypothesis that caterpillar feeding should
induce aphid susceptibility by suppressing callose accumulation (22).
Our experiments not only confirm this hypothesis but also demon-
strate that callose inducibility only partially explains the interaction
between S. littoralis and S. avenae in wheat. Aphid performance
was decreased on caterpillar-attacked leaves even in the absence of
DIMBOA-Glc depletion, suggesting that other inducible defenses
increase aphid resistance. Caterpillar attack leads to substantial tran-
scriptional and metabolic reprogramming of a plant’s primary and
secondary metabolism (36-39), and it is therefore not unusual that
physiological changes other than benzoxazinoid-dependent callose
deposition contribute to the overall outcome of the interaction be-
tween caterpillars and aphids. In maize, genetic mapping revealed
substantial variation and multiple quantitative trait loci associated
with caterpillar-induced resistance and susceptibility against aphids
(22), which may provide a path toward the functional characterization
of these additional factors.

The resistance of wheat to fungal pathogens has been associated
with callose deposition (40). In this context, it is unexpected that the
suppressed callose inducibility in Oe_Bx12 lines did not affect their
resistance to two fungal pathogens. We propose three hypotheses to
explain this result. First, it is possible that the fungi are more sus-
ceptible to HDMBOA-Glc than DIMBOA-Gle, which may have
counterbalanced resistance in the transgenic lines. Second, the higher
production of other defenses in HDMBOA-Glc-overproducing lines
may have offset the effects of reduced callose deposition. Third, the
two pathogens may suppress or avoid callose induction. In maize,
fungal pathogen attack leads to a marked increase of HDMBOA-Glc
levels (27, 41), and it is possible that such an induction, similar to
caterpillar attack, suppresses callose inducibility in wheat and thereby
allows the fungus to suppress effective defenses.
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Overall, our experiments and the current literature reveal that the
architecture of benzoxazinoid-dependent defense regulation is notably
similar in maize and wheat (Fig. 6). In both species, DIMBOA-Glc
is generally the dominant constitutively produced benzoxazinoid, and
HDMBOA-GIc is strongly induced and becomes dominant upon
caterpillar and pathogen attack (12, 27, 41). Furthermore, callose
deposition is induced by DIMBOA and DIMBOA-Glc, but not by
HDMBOA-GIlc (11). Genetic analyses revealed that the core biosyn-
thetic pathway that converts indole-3-glycerol phosphate to DIBOA-
Glc via several intermediate steps is largely conserved between wheat
and maize (26). The fact that the DIMBOA-Glc OMT genes in wheat
and maize are analogs rather than orthologs is an unexpected find-
ing in this context. Phylogenetic analysis suggests that the capacity
to produce HDMBOA-Glc and to use the DIMBOA-Glc OMT as a
regulatory switch between aphid and caterpillar resistance evolved
independently in maize and wheat. The functional validation of the
wheat DIMBOA-Glc OMT TaBX10 in planta would shed further
light on its contribution to HDMBOA-Glc biosynthesis relative to
other potential wheat OMTs. Although HDMBOA-GIc has also been
found in Job's tears (Coix lacryma-jobi) (42), nothing is known about
HDMBOA-Glc production in the other benzoxazinoid-producing
plant species. Investigating and comparing the evolutionary relation-
ships and defense regulation of benzoxazinoids in additional species
are exciting prospects of this work.

Comparing callose induction of benzoxazinoids and glucosino-
lates revealed a high degree of specificity. While the benzoxazinoid-
producing wheat responds strongly to DIMBOA and DIMBOA-GIc,
it does not respond to the glucosinolate 4MO-I3M. Conversely, the
glucosinolate-producing Arabidopsis responds strongly to 4MO-13M,
but not to DIMBOA or DIMBOA-Glc. As expected, the OMTs in-
volved in the production of 4MO-13M (43) and HDMBOA-GIc (14)
are only distantly related to each other. Thus, callose regulation by
benzoxazinoids and glucosinolates as illustrated in Fig. 6 does not
proceed via the same mechanism, and it is likely that the two phe-
nomena evolved independently from each other. Glucosinolate hy-
drolysis is required for callose induction in Arabidopsis (15), while
DIMBOA seems to induce callose in the absence of any measurable
increase in known breakdown products. As glucosinolate breakdown
products are structurally distinct from benzoxazinoids and their catab-
olites, they would likely require a different mechanism of perception
to be integrated into defense signaling (Fig. 6). Nevertheless, it is
theoretically possible that the signaling cascades elicited by benzox-
azinoids and glucosinolate share a common ancestor and diverged
since the split of the mono- and dicotyledons 140 Ma ago (44). A better
understanding of the molecular and genetic basis of callose regula-
tion by benzoxazinoids and glucosinolates will be required to disen-
tangle these hypotheses.

Convergence is an important force in evolution (45), and plants pro-
vide many fascinating examples in this context (46). Caffeine biosyn-
thesis, for instance, evolved at least five times within the flowering
plants, partially by co-opting enzymes with different ancestral functions
(47). In general, plant secondary metabolism can evolve rapidly due
to enzyme promiscuity and frequent gene duplications (25, 48, 49).
Secondary metabolites may thus allow plants to rapidly and specifi-
cally adapt their defense signaling systems to different herbivore and
pathogen pressures. The finding that maize and wheat co-opted the
same secondary metabolite pathway to specifically regulate defenses
against aphids and caterpillars is suggestive of an important adaptive
role of this form of herbivore-specific defense regulation.
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Fig. 6. Independently evolved O-methylation of b ds and gluc I def andr e. DIMBOA-GIc is required for callose induc-

tion in wheat and maize. Methylation of DIMBOA-Glc to HDMBOA-GIc reduces the DIMBOA-Glc pool and subsequently suppresses callose formation. The responsible
OMTs, TaBX 10 and ZmBX10-ZmBX12, evolved independently from each other. HDMBOA-GIc repels caterpillars, while DIMBOA-GIc reduces aphid growth, most likely by
promoting callose formation. In Arabidopsis, methylation of the glucosinclate 40H-I3M by IGMT1 and IGMT2 leads to the formation of 4MO-I3M, which is required for
callose deposition in this species. 4MO-I3M increases aphid and pathcgen resistance, most likely by promoting callose formation. IGMT1 and IGMT2 are only distantly

related to cereal benzoxazinoid OMTs.

MATERIALS AND METHODS
Note that the numbers of replicates for the individual experiments
are provided in the respective figure legends.

Plant and insect material

The wheat (Triticum aestivum) CYMMIT breeding line Bobwhite SH
98 26 (50) was used in this study. Plants were grown in a climate-
controlled room with 16 hours photoperiod, 300 umol m s~ of photo-
synthetically active radiation, and a temperature cycle of 22°C/18°C
(light/dark). S. littoralis caterpillars were provided by T. Turlings
(FARCE Laboratory, University of Neuchitel, Switzerland) and were
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kept on artificial diet at 22°C. The English grain aphid (S. avenae)
was obtained from Andermatt Biocontrol AG (Switzerland) and
maintained on barley seedlings in a growth chamber with 16:8 light/
dark photoperiod at 24°C.

Generation of ZmBx12-expressing transgenic wheat

The complete open reading frame of ZmBx12-CML322 was amplified
with the primers ZmBx12_Spel-fwd (GACTAGTCATGCAAGA-
GAGCAGTAGC) and ZmBx12_FcoRI-rev (GGAATTCCTCAAG-
GATAGACCTCGATGATGA) from the previously described vector
pASK-IBA37plus::ZmBx12 (13). The amplification product was

9of14



Manuscript |

SCIENCE ADVANCES | RESEARCH ARTICLE

digested with Spe I and Eco RI (Fast digest, Thermo Fisher Scientific)
and subcloned into the linearized vector pUbi-AB downstream of the
maize UBIQUITIN 1 promoter (ZmUbil) (51). The resulting con-
struct pUbi-AB:ZmBx12 was digested with Sfi I (Fast digest, Thermo
Fisher Scientific), and the digestion products were separated by gel
electrophoresis. The fragment containing ZmUbil::ZmBx12 was sub-
sequently extracted from the gel, purified, and subcloned into the
binary vector p6i-d35S (51) that was linearized by Sfi I digestion. The
insertion of ZmUbil::ZmBx12 into p6i-d35S was confirmed by a con-
trol digestion with Kpn T and Hind IIT (Fast digest, Thermo Fisher
Scientific). The binary vector was transferred to the Agrobacterium
tumefaciens strain AGL1 and used to inoculate immature Bobwhite
SH 98 26 embryos. The generation of transgenic plants and their
molecular analysis for transgene integration were conducted as pre-
viously described (52), with the exception of Southern blot analysis,
which could not be completed successfully. The transgenic lines may
therefore harbor single or multiple insertions of ZmUbil::ZmBx12.
Segregation analysis was conducted on T2 plants by using the ratio
of DIMBOA-Glc to HDMBOA-Glc as a marker. T2 seeds of
two homozygous T1 plants harboring at least one highly expressed,
complete insertion of ZmUbil::ZmBx12 were used for biological
experiments.

RNA extraction, cDNA synthesis, and quantitative

real-time PCR

Total RNA was extracted from leaves of 14-day-old wild-type and ZmBx12-
overexpressing plants using an RNA isolation kit (Thermo Fisher
Scientific, USA). Two microgram of total RNA was used for reverse
transcription with SuperScript II reverse transcriptase (Invitrogen, USA).
The cDNA samples were diluted to 2 to 8 ng/pl. Triplicate quantitative
assays were performed on 5 Ul of each cDNA dilution with the Kapa SYBR
Fast qPCR Master Mix (Sigma, USA) and a LightCycler96 detection
system (Roche, Switzerland) according to the manufacturer’s protocol.
The relative quantification method (Delta-Delta CT) was used to evalu-
ate quantitative variation between the replicates examined. The amplifi-
cation of T aestivum Tubulin was used as an internal control to normalize
all data, and primers for Tubulin were ATCTGGTGCGGGTAACAA
(forward) and AAGTGGAGGCGAGGGAAT (reverse). Gene-specific
primers for ZmBx12 were ATGGCACTCATGCAAGAGAGC (forward)
and TCAAGGATAGACCTCGATGATG (reverse).

For qRT-PCR analysis of TaBx10, RNA was extracted using the
InviTrap Spin Plant RN A Mini Kit (Stratec, Berlin, Germany) accord-
ing to the manufacturer’s instructions. cDNA was prepared from 1 pg
of deoxyribonuclease-treated RNA using SuperScript 111 reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) and diluted 1:10 with
water. Primers for TaBx10 were TCCCCGATGGTGGGCA (forward)
and GGTGGTGTCCCAGAACGTAG (reverse). Primer specificity was
confirmed by agarose gel electrophoresis, melting curve analysis, and
standard curve analysis and by sequence verification of cloned PCR
amplicons. Primer pair efficiency (98.5%) was determined using the
standard curve method with twofold serial dilutions of cDNA. Samples
were run in triplicate using the Brilliant III Ultra-Fast SYBR Green
QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA).
The following PCR conditions were applied for all reactions: initial
incubation at 95°C for 3 min, followed by 40 cycles of amplification
(95°C for 105, 60°C for 10 s). All samples were run on the same PCR
machine (CFX Connect Real-Time System; Bio-Rad Laboratories,
Hercules, CA, USA) in an optical 96-well plate. Six biological repli-
cates for each treatment were analyzed as triplicates.
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Collection of wheat fascicular phloem

Leaves of 14-day-old wheat plants were fixed inside a flat tray with
double-sided adhesive tape. About 10 to 20 adult aphids (S. avenae)
were placed onto the upper surface of each leaf and allowed to feed
overnight. After cutting the aphid stylets with a microcautery device
(CF-50, Syntech) according to Fisher and Frame (53), the flat tray
with the fixed leaves and cut stylets was flooded with silicon oil
(M 200, Roth) to prevent evaporation of the exudates. Twenty-four
hours later, the phloem sap was collected under silicon oil using a
microcapillary connected to a small syringe via a silicone tube with
aside valve. Depending on the exudation time of the severed stylets,
the sample amount was up to 1.4 pl per stylet during 24 hours. The
samples of each plant were pooled and stored at —20°C. For LC-MS/
MS analysis of benzoxazinoids (see below), phloem samples were
diluted 1:7 with methanol:water (1:1, v/v).

Extraction and analysis of benzoxazinoids, phenolic acids,
amino acids, proteins, sugars, and starch
Plant leaf tissue was ground into fine powder under liquid nitrogen.
The frozen powder was weighed, and extraction buffer (50% meth-
anol, 0.1% formic acid) was added immediately (1 mg, 10 ul). The
plant sample was vortexed for 30 s and then centrifuged at 11,000
for 20 min at 4°C. The supernatant was transferred into a new
Eppendorf tube and centrifuged once more to remove all particles.
Benzoxazinoid content was analyzed with an Acquity UPLC
(Waters, USA) coupled to an ultraviolet (UV) detector and a QDa
mass spectrometer (Waters, USA) using an Acquity BEH C18 column
(2.1 mm by 100 mm, 1.7 pm; Waters, USA). The temperatures of the
autosampler and column were set to 15° and 40°C, respectively. The
mobile phase consisted of 99% water, 1% acetonitrile, and 0.1% for-
mic acid (A), and acetonitrile and 0.1% formic acid (B). Flow rate
was set to 0.4 ml min " with 97% A and 3% B. The injection volume
was 5 pl. The elution profile was: 0 to 9.65 min, 3 to 16.4% B; 9.65 to
13 min, 16.4 to 100% B; and 13.1 to 15 min at 100% B, followed by
2-min column reconditioning at 3% B. The extracted UV trace at
275 nm was used for benzoxazinoid quantification. The following
extracted ion chromatograms were used for quantification with a mass
window of £0.01 D: 164 mass-to-charge ratio (m/z) for DIMBOA
[retention time (RT), 5.62 min], 372 m/z for DIMBOA-Glc (RT,
5.64 min), 432 m/z for HDMBOA-Glc (RT, 8.19 min), 402 m/z for
DIM,BOA (RT, 5.81 min), 356 m/z for HMBOA-Glc (RT, 5.28 min),
342 m/z for DIBOA-GIlc (RT, 4.29 min), 462 m/z HDM;BOA-Glc
(RT, 8.32 min), 164 m/z for MBOA (RT, 8.17 min), and 372 m/z
for MOA-Glc (RT, 5.31 min). Benzoxazinoid concentrations were
determined by external calibration curves obtained from purified
DIMBOA-Glc, DIMBOA, and HDMBQA-Glc standards. Five cali-
bration points (5, 10, 50, 150, and 200 pg/ml) were used.
Quantification of phenolic acids (chlorogenic acid, p-caffeic acid,
p-coumaric acid, ferulic acid, and sinapic acid) was performed on
an Acquity UPLC coupled to a Xevo G2 XS Q-TOF time-of-flight
mass spectrometer (Waters, USA) equipped with an electrospray
ionization (ESI) source. The compounds were separated on an Acquity
BEH C18 ultra performance liquid chromatography (UPLC) column
(2.1 mm by 50 mm internal diameter, 1.7 pm particle size). Water
(0.1% formic acid) and acetonitrile (0.1% formic acid) were used as
mobile phases A and B. The gradient profile was as follows: 0 to 1 min,
95% A in B; 1 to 5 min, 81% A in B; 5to 5.2 min, 1% A in B; 5.2 to
6.5 min, 1% A in B; 6.6 to 8 min, 95% A. The mobile phase flow rate
was 0.4 ml/min. The column temperature was maintained at 40°C,
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and the injection volume was 1 pl. The quadrupole orthogonal
acceleration—time-of-flight (Q-TOF) was operated in ESI negative
mode, and data were acquired in scan range (50 to 1200 m/z) using
a cone voltage of 20 V. The elution order was as follows: 2.09 min,
chlorogenic acid; 2.22 min, p-caffeic acid; 3.18 min, p-coumaric acid;
3.83 min, ferulic acid; and 4 min, sinapic acid. Chromatograms were
acquired in MS* mode using a collision energy ramping of 10 to 30 V.
Quantification of the compounds was performed on the basis of
their exact masses: chlorogenic acid, 353.0872 m/z; p-caffeic acid,
179.0344 m/z; p-coumaric acid, 163.0395 m/z; ferulic acid, 3.83 min
and 193.050 m/z; and sinapic acid, 4 min and 223.0606 m/z. Cali-
bration solutions containing the different phenolic acids were pre-
pared between 0 and 5 ug ml™ to establish linear regressions.

To determine amino acid concentrations in wheat phloem, phloem
samples were diluted 1:7000 with methanol:water (1:1, v/v) and spiked
with 13C, 5N-labeled amino acids (algal amino acids l3(2, lsN; Isotec,
Miamisburg, OH, USA) at a concentration of 9 ug of the mix per
milliliter. Amino acids were directly analyzed by LC-MS/MS as re-
cently described (54). Amino acid concentrations in wheat leaves were
determined using an AccQ-Tag kit (Waters, Milford, USA). Five
hundred microliters of extract buffer (20 mM norleucine in MeOH)
was added to 10 mg of dry and ground leaf powder. After the solu-
tion was thoroughly mixed for 15 min, 250 ul of chloroform and
500 of pl Milli-Q water were added. The mixture was centrifuged at
11,000 for 5 min at room temperature (20° to 23°C). Fifty micro-
liters of supernatant was freeze dried into dry residue and then sus-
pended with 50 pl of Milli-Q water. Five microliters of sample was
briefly mixed with 35 ul of borate buffer and 10 pl of derivatization
buffer from an AccQ-Tag Ultra Derivatization kit (Waters, USA)
and then placed in a 55°C water bath for 10 min. Amino acid con-
tent was analyzed with a UPLC coupled to a UV detector and a QDa
mass spectrometer (Waters, Milford, USA). Mixtures of 20 amino
acids at 100, 50, 10, and 1 pg ml™" were used as external standards
for quantification. Soluble sugars, starch, and total soluble proteins
were extracted and quantified as described previously (38).

Callose induction

To determine callose deposition induced by chitosan, DIMBOA,
DIMBOA-Glc, HDMBOA-Gle, and 4MO-I3M, callose abundance
after chemical infiltration was analyzed from 15 randomly collected
leaf segments from five different 10-day-old wheat seedlings and six
5-week-old Arabidopsis accession Columbia-0 (Col-0) plants per
treatment. Each leaf was infiltrated with 500 pl of 0.2% (w/v) low
viscous chitosan (Sigma, USA), which has a molecular weight of
approximately 190 kDa. Chitosan was dissolved to 1% in 1% acetic
acid and diluted to 0.2% by distilled water. DIMBOA, DIMBOA-
Glc, and HDMBOA-Glc were dissolved to 80 ug/ml by 1.96% meth-
anol and 0.04% acetic acid. 4MO-I3M (Phytoplan, Germany) was
dissolved to 80 ug/ml by distilled water. Twenty-four hours after
infiltration, leaf segments around the infiltration spots (approximately
4 em®) were collected and destained by 96% ethanol to remove chlo-
rophyll. Leaf segments with cell death symptoms were excluded.
Destained leaf segments were stained with 70 mM phosphate buffer
(pH 9.0) containing 0.01% aniline blue (Sigma, USA). Callose depo-
sition was observed by epifluorescence microscopy (Zeiss, Germany),
and callose spots were counted by eye. To determine callose deposi-
tion induced by aphid feeding, five aphid adults were placed in cages
(2-cm diameter) on the leaves of 14-day-old wheat plants. After
7 days, all aphids were removed. Aphid-infested leaf segments were
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collected from 10 different plants per line. Leaf segment destaining
and callose staining were performed as described above. As callose
deposition following aphid infestation showed variable shapes and
intensity, we first determined the total area of callose per plant (um?)
using Digimizer (MedCalc Software, Belgium). We then assessed the
intensity of the staining on a relative scale from 1 (weak intensity)
to 5 (strong intensity). Then, to obtain an integrated measure of
callose induction, we multiplied intensity with callose area for each
plant individually.

Transcriptome sequencing and analysis

To identify herbivore-induced OMT genes in wheat, we sequenced the
transcriptomes of three S. littoralis-undamaged and three S. littoralis—
damaged wheat seedlings using Illumina HiSeq 2500. Total RNA was ex-
tracted from leaf material as described above, TruSeq RNA-compatible
libraries were prepared, and PolyA enrichment was performed before
sequencing the six transcriptomes on an IlluminaHiSeq 2500 with
21 Mio reads per library, 100 base pairs, paired end. Trimming of
the obtained Illumina reads and mapping to the wheat gene model
version 2.2 (29) were performed with the program CLC Genomics
Workbench (Qiagen Bioinformatics) (mapping parameters: length
fraction, 0.7; similarity fraction, 0.9; max number of hits, 25). Empiri-
cal analysis of digital gene expression (EDGE) implemented in the
program CLC Genomics Workbench was used for gene expression
analysis. A de novo transcriptome based on the Illumina reads from
S. littoralis—-damaged wheat leaves (~63 Mio reads in total) was con-
structed using the CLC Genomics Workbench (word size, auto; bubble
size, 200) and was used for remapping with the same parameters as
described above. Raw reads were deposited in the National Center
for Biotechnology Information Sequence Read Archive under the
accession no. SRP148745.

Sequence analysis and tree reconstruction

OMT's were identified using a BLASTP analysis with maize BX7 as
query and all available Poaceae protein datasets in Phytozome 12.1
(https://phytozome.jgi.doe.gov) as template. Genes with open reading
frames >1000 nucleotides were considered as “full length” and used
for phylogenetic analysis. Multiple sequence alignments were com-
puted using the MUSCLE codon algorithm implemented in MEGA6
(55). On the basis of these alignments, trees were reconstructed with
MEGAG using a maximum likelihood algorithm. Codon positions in-
cluded were 1st + 2nd + 3rd + noncoding. All positions with <90%
site coverage were eliminated. Ambiguous bases were allowed at any
position. A bootstrap resampling analysis with 1000 replicates was
performed to evaluate the topology of the generated trees. A substi-
tution model test was performed with MEGA® to identify the best-fit
substitution model for each dataset. The substitution models used
for tree reconstructions are indicated in the respective figure legends.

Cloning and expression of TaBx10

The complete open reading frame of TaBx10 was amplified from
¢DNA with the primers ATGGTACGTCTCAGCGCATGCCGGC-
CGCGCAGCACAT (forward) and ATGGTACGTCTCATATCAAG-
GGTATACTTCGATAATTGATCGA (reverse) and inserted as Bsm
Bl fragment into the vector pASK-IBA37plus (IBA-GmbH, Géttingen),
which allows the expression of TaBx10 in E. coli NEB 10-beta cells
(New England Biolabs) as N-terminal fusion protein. For expression,
liquid cultures of bacteria harboring the expression construct were
grown at 37°C and 220 rpm in lysogeny broth medium to an ODggg

110f14



Manuscript |

SCIENCE ADVANCES | RESEARCH ARTICLE

(optical density at 600 nm) of 0.6 to 0.8. Anhydrotetracycline was
added to a final concentration of 200 pg liter™, and the cultures were
incubated for 20 hours at 18°C and 220 rpm. The cells were sedi-
mented for 10 min at 5000g and 4°C. For breaking up the cells, the
pellet was resuspended in ice-cold 4 ml of 50 mM tris-HCl (pH 8.0)
containing 0.5 M NaCl, 20 mM imidazole, 20 mM 2-mercaptoethanol,
and 10% glycerol and subsequently subjected to ultrasonication
(4 x 20 s; Bandelin UW2070). The debris was separated by centrifu-
gation for 20 min at 16,100¢ and 4°C. The N-terminal His-tagged
TaBX10 was purified using Ni-NTA spin columns (Qiagen) accord-
ing to the manufacturer’s instructions. The purified proteins were
eluted with 50 mM tris-HCI (pH 8.0) containing 0.5 M NaCl,
250 mM imidazole, and 10% glycerol. The salt was removed by
gel filtration using Illustra NAP-5 columns (GE Healthcare), and
the protein was redissolved in 50 mM tris-HCI (pH 7.0) containing
10% glycerol.

OMT enzyme assays

OMT activity of TaBX10 was tested using enzyme assays contain-
ing 0.5 mM dithiothreitol, 0.5 mM S-adenosyl-L-methionine,
substrate (DIMBOA-Glc + DIM;BOA-Gle; 25 ug ml™), and
35 ul of desalted enzyme in a volume of 100 pl. The assays were
incubated overnight in glass vials at 25°C at 300 rpm using a
ThermoMixer comfort 5355 (Eppendorf), The reaction was stopped
with 1 volume 100% methanol and centrifuged for 5 min at 5000g.
Product formation was monitored by the analytical methods de-
scribed above.

Insect bioassays

For caterpillar performance assays, 14-day-old wheat seedlings
were infested with five second-instar S. litteralis larvae. The whole
plants were covered by breathable cellophane bags (Celloclair AG,
Switzerland) to prevent larvae from escaping. After 11 days, cater-
pillar weight gain (mg) was measured by microbalance (Mettler
Toledo, USA). The leaf consumption {cm?) was calculated by
Digimizer software (MedCalc Software, Belgium).

For caterpillar preference assays, one ZmBx12-overexpressing
wheat plant and one wild-type plant were sown together in the same
pot. Five second-instar S. littoralis larvae were put in the middle of
the pot. Each pot was covered with transparent plastic film (Kodak,
USA) to prevent larvae from escaping. The number of larvae feed-
ing on each plant was recorded every 2 days for 8 days.

For aphid performance assays, 14-day-old wheat seedlings
were infested with five adult S. avenae aphids. The whole seedling was
covered with a breathable cellophane bag. Aphid progenies on the
whole plants were counted during 11 days at regular time intervals.

To measure the effect of caterpillar feeding on aphid progeny
production, five second-instar S. littoralis larvae were introduced
onto the second leaf of 14-day-old wheat seedlings in clip cages.
S. littoralis larvae were removed from plants after 24 hours. Five adult
aphids were confined on the same leaves using clip cages for 7 days,
and total aphid progenies were counted at the end.

Pathogen bioassays

For the wheat leaf rust infection assay, 12-day-old wheat seedlings
were infected with the virulent isolate 90035. After incubation for
24 hours in the dark, the whole seedlings were covered with perme-
able plastic hoods until the end of the experiment. Disease symptoms
were assessed 11 days after inoculation.
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For the wheat powdery mildew infection assay, infection tests were
performed on detached segments of the first leaves of 9-day-old
wheat seedlings, inoculated with the virulent isolates 96224 and
JIM2. Disease levels were evaluated 6 days later by measuring the
percentage of infected leaf area.

Temporal effect of local induction by S. littoralis larvae and
S. avenae on benzoxazinoids

Three second-instar 8. littoralis larvae were attached in the second
leaf of 14-day-old wheat seedlings by the clip cage and fed for 24 hours.
After 24 hours, caterpillars were removed from the plants. Small leaf
segments adjacent to the feeding sites were collected at several time
points over a period of 7 days. After weighing, leaf segments were
stored in the lysis tube containing ceramic beads and flash frozen with
liquid nitrogen. The benzoxazinoid extraction buffer was added into
the lysis tube (1 mg, 10 pl). Plant tissue was ground thoroughly by
SpeedMill Plus (Analytik Jena, Germany) and then centrifuged at
13,200¢ for 20 min at 4°C twice to remove the pellet. Benzoxazinoids
were analyzed as described above. To determine benzoxazinoid induc-
tion by aphids, five S. avenae adults were placed in cages (2-cm diam-
eter) on the leaves of 14-day-old wheat plants. After 7 days, all aphids
were removed. Aphid-infested leaf segments were collected from four
to six different plants per line and analyzed as described above.

Statistical analyses

Data were analyzed by ANOVA followed by Holm-Sidak post hoc
tests implemented in Sigma Plot 13.0. Normality and error variance
were determined, and datasets were logyo transformed to meet as-
sumptions of ANOVAs where necessary.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http:/fadvances.sciencemag.org/cgi/
content/full/4/12/eaat6797/DC1
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Fig. 55. Impact of DIMBOA-Glc O-methylation on wheat pathogen resistance.

Fig. 56. Aphids do not induce benzoxazinoids in wheat leaves.
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Fig. $8, Phylogenetic tree of maize OMT genes similar to Bx7 and wheat OMT genes that were
found to be up-regulated after herbivory in wheat seedlings (RNA sequencing).

Fig. 59. Sequence comparison of maize BX7 and BX10 with herbivore-induced OMT proteins
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Fig. 510. Phylogenetic tree of maize and wheat OMT genes similar to Bx7.

Fig. 511.Identification of TaBx10 as a functional DIMBOA-Glc OMT.
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Abstract

Fungal infection of grasses, including rice (Oryza sativa), sorghum (Sorghum bicolor), and barley (Hordeum vulgare), induces
the formation and accumulation of flavonoid phytoalexins. In maize (Zea mays), however, investigators have emphasized
benzoxazinoid and terpenoid phytoalexins, and comparatively little is known about flavonoid induction in response to
pathogens. Here, we examined fungus-elicited flavonoid metabolism in maize and identified key biosynthetic enzymes
involved in the formation of O-methylflavonoids. The predominant end products were identified as two tautomers of a 2-
hydroxynaringenin-derived compound termed xilonenin, which significantly inhibited the growth of two maize pathogens,
Fusarium graminearum and Fusarium verticillioides. Among the biosynthetic enzymes identified were two O-methyltransfer-
ases (OMTs), flavonoid OMT 2 (FOMT2), and FOMT4, which demonstrated distinct regiospecificity on a broad spectrum
of flavonoid classes. In addition, a cytochrome P450 monooxygenase (CYP) in the CYP93G subfamily was found to serve as
a flavanone 2-hydroxylase providing the substrate for FOMT2-catalyzed formation of xilonenin. In summary, maize produ-
ces a diverse blend of O-methylflavonoids with antifungal activity upon attack by a broad range of fungi.
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Introduction

Plants dynamically deploy a suite of low-molecular weight
metabolites to protect against pathogen infection that is
chemically diverse and often species-specific. When these
compounds are produced in response to microbial challenge
or other environmental stresses, they have been termed
phytoalexins (VanEtten et al, 1994; Hammerschmidt, 1999).
Rapid phytoalexin biosynthesis is often associated with en-
hanced pathogen resistance (Hain et al, 1993; He and
Dixon, 2000). Phytoalexins have representatives from many
known classes of specialized metabolites (Jeandet et al,
2014), including the stilbene resveratrol in grapes (Vitis vinif-
era; Langcake and Pryce, 1976) and an indole thiazole alka-
loid, termed camalexin, in Arabidopsis (Arabidopsis thaliana;
Browne et al, 1991). In maize (Zea mays), complex networks
of sesquiterpenocid and diterpenoid phytoalexins have been
described, which include zealexins, kauralexins, and dolabra-
lexins (Huffaker et al, 2011; Schmelz et al, 2011; Mafu et al,
2018; Ding et al, 2020).

Many phytoalexins are flavonoids, a large group of phenyl-
propanoid and polyketide-derived metabolites present in all
plants (Tohge et al, 2017; de Souza et al, 2020; Ube et al,
2021). The accumulation of flavonoids after pathogen infec-
tion has been demonstrated to play a role in disease resis-
tance in several plants, such as for the 3-deoxyanthocyanidins
of sorghum (Sorghum bicolor) (Nicholson et al, 1987; Snyder
et al, 1991; Liu et al, 2010) and the flavan-3-ols of poplar
(Ullah et al, 2017).

The core pathways of flavonoid biosynthesis are well con-
served among plant species (Grotewold, 2006; Tohge et al.,
2017). The first step is the condensation of a phenylpropa-
noid derivative, 4-coumaroyl-CoA, with three malonyl-CoA
subunits catalyzed by a polyketide synthase, chalcone syn-
thase. The naringenin chalcone produced is then cyclized by
chalcone isomerase to form flavanones, which are converted
successively to dihydroflavonols and flavonols by soluble
Fe’* /2-oxoglutarate-dependent  dioxygenases  (2-ODDs).
Flavanones can also be desaturated to form flavones via dif-
ferent mechanisms. While flavone synthases of type | (FNSI)
belong to the 2-ODDs, FNSII are membrane-bound oxygen-
and nicotinamide adenine dinuclectide phosphate(NADPH)-
dependent cytochrome P450 monooxygenases (CYPs;
Martens and Mithofer, 2005; Jiang et al, 2016).

Other common modifications of the flavonoid backbone
include C- and O-glycosylation, acylation, and O-methylation
(Grotewold, 2006). O-Methylation of flavonoids is catalyzed
by O-methyltransferases (OMTs), which transfer the methyl
group of the cosubstrate S-adenosyl-L-methionine (SAM) to
a specific hydroxyl group of the flavonoid. Two major classes
of plant phenylpropancid OMTs exist; the caffeoyl-CoA
OMTs (CCoAOMTs) of low-molecular weight (26-30kDa)
that require bivalent ions for catalytic activity, and the
higher molecular weight (40-43kDa) and bivalent ion-
independent caffeic acid OMTs (COMTSs). Flavonoid OMTs
(FOMTSs) are members of the COMT class (Kim et al, 2010).
O-Methylation modifies the chemical properties of
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flavonoids and can alter biological activity, depending on
the position of reaction (Kim et al, 2010). In general, the re-
activity of hydroxyl groups is reduced coincident with in-
creased lipophilicity and antimicrobial activity (Ibrahim
et al, 1998).

Many FOMT genes have been cloned from dicot species
and the corresponding enzymes biochemically characterized
(Kim et al, 2010; Berim et al, 2012; Liu et al, 2020). In con-
trast, only a few FOMT genes from monocotyledons, all be-
longing to the grass family (Podceae), have been functionally
characterized so far. Four FOMTs from rice (Oryza sativa),
wheat (Triticum aestivum), barley (Hordeum vulgare), and
maize are flavonoid 3'-/5'-OMTs that prefer the flavone tri-
cetin as substrate (Kim et al, 2006; Zhou et al, 20062,
2006b, 2008). The other two known Poaceae FOMTSs are fla-
vonoid 7-OMTs from barley and rice that mainly utilize api-
genin and naringenin as substrates, respectively (Christensen
et al, 1998; Shimizu et al, 2012). In both cases, the gene
transcripts or FOMT reaction products, namely 7-methoxya-
pigenin (genkwanin) and 7-methoxynaringenin (sakuranetin)
accumulated in leaves following challenge with pathogenic
fungi or abiotic stress (Gregersen et al, 1994; Rakwal et al,
1996). Moreover, genkwanin and sakuranetin were shown to
possess antibacterial and antifungal activity in vitro
(Kodama et al, 1992; Martini et al, 2004; Park et al, 2014).
Sakuranetin also inhibits the growth of the rice blast fungus
(Magnaporthe oryzae) in vivo (Hasegawa et al, 2014).
Despite our knowledge of the key pathogen protection roles
of O-methylflavonoids in rice, their biosynthesis has not
been previously described in maize.

To investigate fungal-induced defenses in maize, we used
untargeted and targeted liquid chromatography/mass spec-
trometry (LC-MS) to identify and quantify flavonoids in
leaves of different inbred lines infected with a necrotrophic
fungus, southern leaf blight (SLB; Bipolaris maydis). O-
Methylflavonoids were especially plentiful with the most
abundant compound being a tautomeric O-dimethyl-2-
hydroxynaringenin termed xilonenin, which exhibited small
but significant in vitro antifungal activity against Fusarium
graminearum and Fusarium verticillioides. Association map-
ping and RNA-Seq-based transcriptome analyses enabled
the selection of candidate pathway genes encoding a
CYP93G and three highly regiospecific OMTs.

Results

Fungal elicitation of maize results in the
accumulation of a complex mixture of flavonoids,
especially O-methylflavonoids

To identify flavonoids induced by fungal infection in maize,
we used untargeted LC-MS to screen for metabolites pre-
sent in the leaves of two inbred lines (B75 and W22)
infected with the pathogenic fungus B. maydis, termed SLB
(Figure 1A). Based on the accurate mass (A m/z < 2 ppm),
we identified a collection of 38 known and putative flavo-
noids showing increased accumulation following fungal in-
fection (Figure 1B; Supplemental Table S1). Flavonoid levels
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B. maydis-infected leaf (B75-SLB)

B
Fold Fold

Molecular Average Average change Average Average change
Compound m/z quan. ion formula B75-DAM B75-SLB B75 W22-DAM W22-SLB W22
Apigenin® 271.06012 [M+H]* C15H1005 2337 160060 68 2420 133807 55
Naringenin chalcone* 273.07572 [M+H]* C15H1205 15871 104886/ 7 54604 2825120 1§
Naringenin* 273.07558 [M+H]* C15H1205 1554 29100 19 1715 32655 19
5-0-Methylapigenin** 285.07584 [M+H]* C16H1205 94239 312 1978 93152 47
Genkwanin* 286.07580 [M+H]* C16H1205 781
Luteolin* 287.05502 [M+H]* C15H1006 1777 17735 10 1064 10105
Flavonoid aglucone 287.09140 [M+H]* C16H1405 INEEl 20647 582 1792 25724 14
5-O-Methylnaringenin® 287.09156 [M+H]* C16H1405 1014 115546 114 6625 138684 21
Flavonoid aglucone 287.09141 [M+H]* C16H1405 1654 1654 3341
Flavonoid aglucone 287.09153 [M+H]* C16H1405 14239 112510 11251
Dihydrokaempferol* 287.05618 [M-H} C15H1206 22069 230 1523 40041 26
2-OH-Naringenin** 289.07083 [M+H]* C15H1206 3601 16 8864 104

5,7-0O-Dimethylapigenin* 299.09161 [M+H]* C17H1405 331 3311
5-O-Methylluteolin*** 301.07103 [M+H]* C16H1206 3508
5-O-Methylscutellarein*™ 301.07112 [M+H]* C16H1206 6861
7-O-Methylscutellarein™ 301.07120 [M+H]* C16H1206 1059 79459
Flavonoid aglucone 301.07108 [M+H]* C16H1206 1835 18185

Flavonoid aglucone 303.08649 [M+H]* C16H1408 3825 195100 & 7208 17002 2
5-0-Methyldihydrokaempferol** 303.08633 [M+H]* C16H1406 95509 88469 20
O-Methyl-2-OH-naringenin*** 303.08647 [M+H]* C16H1406 25112

O-Methyl-2-OH-naringenin***
Taxifolin®
Flavonoid aglucone

303.086489 [M+H]* C16H1406
303.05109 [M-H] C15H1207
315.08639 [M+H]* C17H1406
Flavonoid aglucone 315.08656 [M+H]* C17H14086
5,7-O-Dimethylscutellarein®* 315.08660 [M+H]* C17H1406
O-Dimethylluteolin*** 315.08618 [M+H]* C17H1406 116362 192

Xilonenin tautomer 1** 317.10205 [M+H]* C17H1606 | 339 154 1789
Xilonenin tautomer 2** 317.10197 [M+H]* C17H1606 3051 [N865866] 120 11721
5-O-Methyltaxifolin*** 319.08117 [M+H]* C16H1407 1920 28840 15 2599
Flavonoid aglucone 331.08100 [M+H]* C17H1407 3116

Flavonoid aglucone 331.08124 [M+H]* C17H1407
Flavonoid aglucone 329.06674 [M-H] C17H1407
5,7-O-Dimethylquercetin*** 331.08139 [M+H]* C17H1407 3701 41287
Flavonoid aglucone 333.09688 [M+H]* C17H1607 3633
Flavonoid aglucone 331.08207 [M-H] C17H1607 4627 4627
Flavonoid aglucone 337.05555 [M+H]* C15H1209 1447 42199 29 4806 60513 12
Flavonoid aglucone 345.09700 [M+H]* C18H1607 1856 27077 15 2363
Flavonoid aglucone 345.09713 [M+H]* C18H1607 9159 37

[ Peak area 1 ['Fold change
0 0

11,595 400,000 424 15,000

6813 6813
26478 98

Figure 1 Flavonoids induced in maize leaves upon fungal infection. Damaged and water treated leaves (DAM) or damaged and B. mayadis-infected
leaves (SLB) of the maize lines B75 and W22 were harvested 4d after inoculation. Methanol extracts made from ground leaf material were
screened for putative non-O-methyl- and O-methylflavonoids by untargeted LC-MS based on the expected exact masses. A, Representative pho-
tographs of water control (DAM) and B. maydis-infected (SLB) B7S leaves. B, Potential flavonoids were tentatively identified using their exact
masses. Only compounds with A m/z < 2 ppm, a peak area more than 3,000, and a fold change of = 5 after fungal infection were included in the
candidate list. Mean relative abundances and fold changes are shown (n = 6-8). The differences between treatments are statistically significant
(P < 0.05) for all compounds in both lines (t test implemented in MetaboScape version 4.0 software; for P-values see Supplemental Table 51). The
identities of compounds were confirmed by commercially available standards (*), purification followed by NMR analysis (**), or inferred from spe-
cific enzymatic activities investigated in this study (***, see below).
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differed qualitatively and quantitatively between the two
inbreds; however, MS/MS fragmentation patterns indicated
that flavonoids with methoxy groups at positions 5 and 7 of
the A-ring predominated in both lines (Figure  1B;
Supplemental Figure $1). We were able to confirm the struc-
tures of 7 non-O-methylated flavonoids and 16 O-methyl- or
O-dimethylflavonoids by authentic standards, nuclear
magnetic resonance (NMR) analysis, or by deducing their O-
methylation patterns from specific enzymatic activities as
detailed below.

Two maize OMT genes on chromosome 9 are
genetically associated with O-methylflavonoid
accumulation

To identify candidate OMTs involved in the formation of
fungus-elicited O-methylflavonoids, we performed associa-
tion analyses using the mapping traits 5-O-methylapigenin
and genkwanin (7-O-methylapigenin), two of the com-
pounds identified in our survey (Figure 1). Using the
B73 x Ky21 recombinant inbred line (RIL) population
(McMullen et al, 2009) and 5-O-methylapigenin levels, we
performed association mapping with the general linear
model (GLM) and 80,440 single-nucleotide polymorphisms
(SNPs) that identified highly significant SNPs on chromo-
some 9 (B73 RefGen_v2) (Figure 2A; Supplemental Figure
S2). The corresponding chromosomal region contained two
putative OMT genes named FOMT2 (Zm00001d047192) and
FOMT3 (Zm00001d047194). For clarity, unless otherwise
noted, gene and protein abbreviations refer to line B73
(RefGen_v4) reference sequences. In addition, a genome-
wide association study (GWAS) using the Goodman associa-
tion panel (mixed linear model (MLM), 25,457,708 SNPs;
Flint-Garcia et al, 2005) was performed using genkwanin or
the apigenin/genkwanin ratio as traits (Figure 2B;
Supplemental Figure S3), which revealed a second genomic
region on chromosome 9 containing a third putative OMT
gene named FOMT4 (Zm00001d048087).

Initial sequence analyses of the identified OMT genes in
different maize inbred lines revealed that W22 has a second
copy of FOMT2 (Zm00004b033403 and Zm00004b033399,
W22 RefGen_v2) on chromosome 9, differing only in a sin-
gle synonymous nucleotide (Supplemental Figures S4 and
S5). Furthermore, FOMT2 and FOMT3 are closely related and
encode proteins with 79% amino acid sequence identity.
RNA sequencing (RNA-seq) of W22 leaves, damaged and
treated with either water (control) or B. maydis hyphae for
4d, showed significantly increased accumulation of tran-
scripts encoding both copies of FOMT2 and FOMT4 as pre-
dicted for their involvement in flavonoid O-methylation
(Figure 2G; Supplemental Table 52; Supplemental Data Set
$1). In contrast, FOMT3 displayed dramatically lower expres-
sion levels that did not show statistically significant differen-
ces between the treatments.

Phylogenetic analyses demonstrated that FOMT2/3 are
closely related to maize BX10/11/12/14, which catalyze vari-
ous O-methylations of benzoxazinoid (BX) defense
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compounds (Meihls et al, 2013), and to an uncharacterized
maize OMT named FOMT5 (Zm00001d051934) (Figure 2D;
Supplemental Figure S6; Supplemental Table S3). Notably,
BX10/11/14 and FOMTS transcripts also increased after fun-
gal elicitation in our experiments (Figure 2C Supplemental
Figure S7; Supplemental Table S2). In contrast to FOMT2/3,
FOMT4 showed the closest relation to OsNOMT, responsi-
ble for production of the phytoalexin sakuranetin in rice,
and other Poaceae FOMTs, including maize OMT1
(FOMT1), which has been described to O-methylate the
B-ring of various flavonoids (Figure 2D; Supplemental Figure
S6).

FOMT2/3, FOMT4, and FOMTS5 catalyze the
regiospecific O-methylation of diverse flavonoids

in vitro

To characterize the enzymatic activity of FOMT2, FOMT3,
FOMT4, and FOMTS5, we expressed the complete open read-
ing frames in Escherichia coli and tested the purified recom-
binant proteins in enzyme assays with potential flavonoid
substrates in the presence of the cofactor SAM. Using scu-
tellarein as a substrate, LC-MS/MS analysis revealed that
FOMT2, FOMT4, and FOMTS5 each produced a different sin-
gle product peak that was not present in the empty vector
(EV) control (Figure 2E). Product purification followed by
NMR  structure elucidation (Supplemental Table S4;
Supplemental Data Set S2) or comparison with commer-
cially available standards confirmed regiospecific O-methyla-
tion on positions 5 7, and 6 of the flavonoid A-ring
catalyzed by FOMT2, FOMT4, and FOMTS, respectively. In
an enzyme assay containing both FOMT2 and FOMT4, a
5,7-O-dimethylated product was detected (Figure  2E).
Interestingly, the 5-O-methylated product (RT = 4.61min),
as well as the 5,7-O-dimethylated product (RT = 520 min),
were retained less by the LC column than the non-O-meth-
ylated substrate (RT =522 min; Supplemental Figure S8),
suggesting that the carbonyl group on the C-ring can form
a hydrogen bond to a solvent molecule, which likely makes
the two products more polar compared to the substrate.
The regiospecificity of FOMT2 and FOMT4 and the distinct
elution patterns of their products were confirmed with en-
zyme assays using naringenin and apigenin as substrates
(Supplemental Figure S8), followed by NMR structure verifi-
cation (Supplemental Table S4; Supplemental Data Set S2),
which was used as the basis for the identification of addi-
tional 5-/7-0-methylflavonoids given in Figure 1B. FOMT3
displayed the same enzymatic activity as FOMT2, producing
the 5-O-methyl derivative of different flavonoid substrates,
but exhibited much lower relative activity (Supplemental
Table S5).

Despite their strict regiospecificity, FOMT2/3 and FOMT4
demonstrated an ability to functionalize a range of flavonoid
skeletons (Figure 3). Preferred substrates for FOMT2 were
flavanones (2-hydroxynaringenin, naringenin) and flavonols
(quercetin, kaempferol), while FOMT4 showed highest activ-
ity with flavonols (kaempferol, quercetin) and flavones
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Figure 2 Association mapping reveals novel O-methyltransferases involved in maize O-methylflavonoid production. A, Manhattan plot of the association
analysis of fungus-elicited 5-O-methylapigenin using the B73 x Ky21 RIL population with the GLM and 80,440 SNPs. The most statistically significant
SNPs are located within the region of the maize FOMT2/3 genes on chromosome 9 (FOMT2, Chr.9:119,779,040-119,780,565bp; FOMT3, Chro:
119,838,646—119,840,122 bp; B73 RefGen_v2). The black dashed line denotes the false discovery rate (< 0.05 at —log10[P]) using a Bonferroni correction.
B, Manhattan plot of the association analysis (MLM) of genkwanin in the stems of maize plants from the Geodman diversity panel following 3 d of fungal
elicitation. The most statistically significant SNPs are located within the region of the maize FOMT4 gene on chromosome 9 (Chr9: 147,148,251-
147,149,436 bp; B73 RefGen_v3). The black dashed line denotes the 5% Bonferroni corrected threshold for 25,457,708 SNP markers. C, Transcript abun-
dance of identified OMT genes in damaged and water-treated (DAM) or damaged and B. maydis-infected (SLB) W22 leaves harvested after 4 d of inocula-
tion. Gene expression is given as reads per kilobase per million reads mapped (RPKM; means=SE; n = 4). Asterisks indicate statistically significant
differences (P < 0.05) between treatments using a Bonferroni correction (for statistical values, see Supplemental Table $2). D, Phylogenetic tree showing
maize OMT genes similar to mapped FOMT2/3, previously characterized AAMT1, and CCoAOMT1. The tree was inferred using the maximum likelihood
method based on the General Time Reversible model, including gamma distributed rate variation among sites ( + G, 4.3129). Bootstrap values (n = 1,000)
are shown next to each node. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions with <
80% site coverage were eliminated. Maize OMTs investigated in this study are highlighted in red. Gene accession numbers and references are provided in
Supplemental Table S3. E, Enzymatic activity of purified recombinant FOMT2, FOMT4, FOMTS, and an EV control using scutellarein as substrate in the
presence of the cosubstrate SAM. Reaction products were analyzed by LC-MS/MS. The structure of the substrate scutellarein (depicting flavonoid ring
structure and numbering) and partial structures of the different enzymatic products highlighting the added methyl groups on the flavenoid A-ring are
shown on the right side. 1, 5-O-methylscutellarein; 2, 7-O-methylscutellarein; 3, 5,7-O-dimethylscutellarein; 4, hispidulin; cps, counts per second.
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(scutellarein, chrysin, luteolin, apigenin). All three enzymes
showed activity, albeit rather low, with O-methylflavonoids
as substrates. The structurally similar stilbenoid resveratrol
was also a substrate for FOMT2/3. Neither the tested glyco-
sylated flavonoids nor the phenolic compounds caffeic acid
and DIMBOA-Glc were accepted as substrates by any of the
assayed FOMTs (Figure 3). Altogether, the in vitro charac-
terization demonstrated that FOMT2 and FOMT4 in combi-
nation are capable of generating the majority of the O-
methylflavonoids observed in maize.

The phylogenetically related OMTs from BX biosynthesis
BX10/11/14 are also induced upon fungal infection
(Supplemental Figure $7). To investigate whether these
enzymes might also play a role in O-methylflavonoid forma-
tion, we included BX10/11/12/14 in our OMT characteriza-
tion. Besides the expected conversion of DIMBOA-Glc to
HDMBOA-Glc (Supplemental Table S5), all four enzymes
showed fairly low, but unspecific 5- andfor 7-O-methylation
activity (< 0.9% product formation of FOMT2 or 4) with fla-
vonoid substrates such as naringenin, apigenin, and scutel-
larein (Supplemental Table $5). The only exception was the
direct 5,7-O-dimethylation of apigenin by BX10, BX11, and
BX12, which exhibited up to 60% of the activity of
FOMT?2 + 4 (Supplemental Table S5).

Two predominant fungal-induced O-dimethylated
flavonoids are 2-hydroxynaringenin derivatives asso-
ciated with FOMT2

Two of the most abundant O-methylflavonoids detected in
our LC-MS profiles of fungal-infected maize leaves had iden-
tical accurate masses of m/z 317.102 [M + H]" (Figure 1;
Supplemental Figure S9), suggesting both were di-O-methyl-
ated derivatives of a hydroxynaringenin (proposed molecular
formula: C47H1406 A m/z < 0.14 ppm). In addition, the frag-
mentation pattern (main fragments: m/z 181.050 [M + H] "
and m/z 121.028 [M + H]"), indicated that the hydroxyl
group must be connected to a position on the flavonoid C-
ring (Supplemental Figure S9). These two major unknowns
were accompanied by two other unidentified flavonoids
with m/z 303086 [M + H]" (proposed molecular formula:
CiH140s A m/z < 072 ppm), whose accurate mass and
fragmentation pattern were consistent with being mono-O-
methylated derivatives of a hydroxynaringenin. Moreover,
there was also a peak for a non-O-methylated flavonoid in
SLB-infected W22 leaves that was a potential precursor of
these unknowns, which had m/z 289.071 [M + H]" (pro-
posed molecular formula: CisHi:0s A m/z = 043 ppmy;
Supplemental Figure S9). The fragmentation pattern of this
precursor candidate was consistent with that reported for 2-
hydroxynaringenin (Supplemental Figure S9), which inter-
converts between closed-ring and open-ring tautomers at
room temperature (Zhang et al, 2007 Du et al, 2010a,
2010b). Importantly, in the GWAS as well as the association
analysis using the B73 x Ky21 RIL population, FOMT2 was
associated with the occurrence of the two major unknown
compounds of m/z 317.102 (Figure 4A; Supplemental
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Figures S2 and $10). We thus hypothesized that the open
ring form of 2-hydroxynaringenin could serve as a substrate
for two sequential O-methylation reactions catalyzed by
FOMT?2 since rotation of the A-ring creates two equivalent
hydroxyl groups.

A fungal-induced flavanone 2-hydroxylase provides
2-hydroxynaringenin for the production of two
open ring tautomeric di-O-methylated flavonoid
derivatives termed xilonenin

To test whether 2-hydroxynaringenin can act as substrate
for FOMT?2, we first investigated the formation of this pre-
cursor. A flavanone 2-hydroxylase (F2H) converting naringe-
nin to its 2-hydroxy derivative was previously characterized
in maize (CYP93G5, F2H1; Morohashi et al, 2012); however,
F2H1 transcript levels in W22 (Zm00004b033614) were low
and not increased following fungal elicitation (Figures 4, B
and C). We, therefore, performed a BLAST analysis of F2H1
in the W22 (NRGene_V2) genome to identify related genes.
This search revealed five additional putative flavanone
hydroxylases belonging to the CYP93G subfamily that
clustered with characterized monocot F2Hs or FNSIls in a
phylogenetic tree (Figure 4B; Supplemental Table S6;
Supplemental Figure S11), but were only distantly related to
dicot F2H/FNSII enzymes belonging to the CYP93B subfam-
ily (Du et al, 2010a, 2010b; Morohashi et al, 2012; Lam
et al, 2014). Two of these CYP93G genes, Zm00004b010826
(CYP93G15) and Zm00004b039148 (CYP93G7), the latter re-
cently characterized as a FNSII (Righini et al, 2019), were
found to be upregulated after fungal infection (Figure 4G
Supplemental Table 52).

To determine the enzymatic activity of Zm00004b010826
(CYP93G15), we expressed the yeast codon-optimized full-
length open reading frame in Saccharomyces cerevisiae and
performed enzyme assays with the microsomal fraction, the
cosubstrate NADPH, and the potential substrates naringenin
or eriodictyol. The characterized F2H1 from B73 was included
as positive control. LC-MS/MS analysis showed that both
F2H1 and Zm00004b010826 (CYP93G15) converted naringe-
nin and eriodictyol to 2-hydroxynaringenin and 2-hydroxyer-
iodictyol, respectively, while the EV control did not show any
product peak (Figure 4D; Supplemental Figure $12). Among
the other putative F2Hs, Zm00004b033614 (CYP93G5) exhib-
ited F2H activity, converting naringenin and eriadictyol to
their respective 2-hydroxy derivatives (Supplemental Figure
$12), while Zm00004b008124 (CYP93G10) converted naringe-
nin and eriodictyol to the corresponding flavones apigenin
and luteolin, respectively, thus exhibiting FNSIl activity
(Supplemental Figure $12). Notably, we also detected low
amounts of 2-hydroxynaringenin in the CYP93G10 reaction
(insert in Supplemental Figure S$12), indicating that
this compound is likely an intermediate in flavone
formation. No in vitro activity with naringenin or eriodic-
tyol was found for Zmo00004b039147 (CYP93G6)
and Zmo00004b033036 (CYP93F6; Supplemental Figure
$12). Based on their in vitro activity, Zm00004b010826
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Category / Structure Substrate Composition Relative activity (%)
FOMT2 FOMT3 FOMT4
. . R;=0H, R,=0H, R;=H,
[ Naringenin R‘_g 2=0H, Ry 86.2+28 91.8 £21 429:03
.

© 2-Hydroxynaringenin R‘iOH' Rz=OH, Ry=H, 100+18 672+30 2708

2 R,=OH

=] =| = =

g Eriodictyol R‘:OH' R,=OH. R,=OH. 571+21 89+0.7 392+18

z R,=H

v 5-0-Methylnaringenin gigCH“’ Rg=OH, Ry=H, - - 46+1.0

=
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@ _O- 0 1 3 Mp=H, Ry s _ _
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>
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o Genkwanin R,=OH, Re=H 7113 100.0+04 -

. R;=0OH, R,=H, R;=OH,
Acacetin R,=OCH,, Ry=H traces nd 3121086
) R,=0OH, R,=OH, R,=OH,
Scutellarein R,=OH, R,=H 279+18 49+0A1 821120
- R;=0OH, R,=OCH,, R;=0OH,

= L Hispidulin R,=OH. R,=H traces nd 13.6+09

c

% Dihydrokaempferol R=H 47.3+0.1 traces 6227

s
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-=

a = = =

[ Kaempferol 2‘_2HR2 H. R=0H, 81.5%2.5 traces 100.0t 1.5
=
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=

— - R;=OH, R,=OH, R,=OH,

g Myricetin R,=OH 16.7+23 276+09 58017

= = - -

K] . R;=H, R,=H, R;=0OCH,,

T Isokaempferide R,=OH 24.2+0.3 3.1+09 251+1.8
KaempferoI-T-O-f&-D- R;=H, R,=H, R;=0OH, nd nd nd
glucopyranoside R4=glucopyranosyl
Kaempferol-3-O-3- R;=H, R,=H, R;= rutinosyl,

2 rutinoside R,=CH nd nd nd

5]

& Genistein traces nd traces

E
Caffeic acid nd nd nd

T

e Resveratrol 14106 138+06 nd

2

& DIMBOA-Glc nd nd nd

Figure 3 Relative activities of the flavonoid O-methyltransferases FOMT2, FOMT3, and FOMT4 with various substrates in vitro. The purified re-
combinant enzymes as well as the EV control were incubated with the respective substrates in presence of the cosubstrate SAM. Substrate turn-
over was analyzed by LC-MS/MS and used to estimate the relative activity of each enzyme with different substrates. Product formation in the

absence of altered substrate turnover was considered as trace activity. Data are shown as means +se (n = 2-3). nd, not detectable.
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Figure 4 FOMT2 converts 2-hydroxynaringenin to the tautomeric O-dimethylated derivative xilonenin. A, Manhattan plots of the assaciation analysis
(MLM) of the two novel flavonoids with m/z 317 in the stems of maize plants from the Goodman diversity panel following 3 d of fungal elicitation. The
most statistically significant SNPs are located within the region of the maize FOMT2/3 genes on chromosome 9 (FOMT2, Chro: 120,033,582—
120,035,107 bp; FOMT3, Chr9: 120,093,188—120,094,664 bp; B73 RefGen_v3). The black dashed line denotes the 5% Bonferroni corrected threshold for
25,457,708 SNP markers. B, Phylogenetic analysis of maize genes (W22 NRGene_V2) similar to F2H7 (B73 RefGen_V3) and additional F2H and FNSH genes
from other monocots and dicots. The tree was inferred using the maximum likelihood method based on the General Time Reversible model, including
gamma distributed rate variation among sites ( + G, 1.4700) and allowing invariable sites ( + |; 8.71% sites). Bootstrap values (n = 1,000) are shown next to
each node. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions with < 80% site coverage
were eliminated. Maize CYP93Gs investigated in this study are highlighted in blue. Accession numbers and references are provided in Supplemental Table
S6. C, Transcript accumulation of F2H candidates in damaged and water-treated leaves (DAM) or damaged and B. maydis-infected leaves (SLB) of W22
harvested after 4d of inoculation. Gene expression is given as RPKM (Means £ st n = 4). Asterisks indicate statistically significant differences (P < 0.05)
between treatments using a Bonferroni correction (for statistical values, see Supplemental Table S2). D, Enzymatic activity of F2H2 (CYP93G15,
Zm00004b010826) alone and in combination with purified recombinant FOMT2 using naringenin as substrate and NADPH and SAM, respectively, as
cosubstrates. F2H2 was heterologously expressed in yeast and the microsomal fraction was used in the enzyme assays. Reaction products were analyzed
by LC-MS/MS. 1, 2-hydroxynaringenin; 2.1 and 2.2, O-methyl-2-hydroxynaringenin; 3.1 and 3.2, xilonenin (keto and enol form, respectively). (E) Proposed
reaction scheme for the biosynthesis of xilonenin. RPKM, reads per kilobase per million reads mapped; cps, counts per second.
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(CYP93G15) and Zm00004b008124 (CYP93G10) were des-
ignated as F2H2 and FNSII2, respectively.

To test whether the 2-hydroxynaringenin formed by F2H2
is a precursor of the two unknown compounds of m/z
317.102 [M + H]™, F2H2 and FOMT2 were incubated to-
gether in the presence of naringenin, NADPH, and SAM. In
addition to

2-hydroxynaringenin, two pairs of peaks were detected
consistent with the keto and enol tautomers of mono-O-
methylated 2-hydroxynaringenin (m/z 303.086) and di-O-
methylated 2-hydroxynaringenin (m/z 317.102), respectively
(Figure 4D). In order to verify the structure of the m/z
317.102 [M + H]" compounds, we purified them from a
FOMT2-overexpressing E. coli culture incubated with
chemically synthesized 2-hydroxynaringenin as substrate.
NMR analyses confirmed the dominant FOMT2 products as
O-dimethylated 2-hydroxynaringenins, which occur in both
the keto and enol forms in a 1:2 ratio, at room temperature
(Supplemental Figure $13; Supplemental Data Set S2). UV
measurements confirmed predictions that the two tautomer
peaks have different UV absorption maxima at 283 nm for
the first peak (3.1; RT = 5.51Tmin in Figure 4D) and 352 nm
for the second peak (3.2, RT =6.81min in Figure 4D,
Supplemental Figure S14). Given that the conjugated enol
system usually absorbs at longer wavelengths than the dike-
tone system, we propose that the first peak (3.1 in
Figure 4D) corresponds to the keto tautomer, while the
second peak (3.2 in Figure 4D) corresponds to the enol tau-
tomer (Figure 4E). As O-dimethylated 2-hydroxynaringenin
appears to be an undescribed compound, we have named it
xilonenin in reference to the Aztec maize goddess Xilonen.
Our data thus reveal the fungus-elicited production of two
di-O-methylated 2-hydroxynaringenin tautomers that are de-
rived from the sequential activity of a F2H (F2H2), to pro-
duce 2-hydroxynaringenin, and FOMT2. Importantly, the
free rotation of the A-ring in the chalcone-like open-ring
form of 2-hydroxynaringenin allows FOMT?2 to catalyze two
sequential O-methylation reactions on the hydroxyl groups
in ortho-position of ring A (Figure 4E).

Flavonoids accumulate locally at the site of
pathogen infection

A defining feature of phytoalexins is their rapid and local ac-
cumulation at pathogen infection sites (Nicholson and
Hammerschmidt, 1992; Hammerschmidt, 1999). To investi-
gate the spartial distribution of fungal-induced flavonoids in
maize leaves, we wounded and inoculated leaves of the in-
bred line B75 and hybrid maize “Sweet Nugget” in a defined
leaf area with B. maydis (SLB) hyphae and quantified non-O-
methylated and O-methylated flavonoids in three different
leaf segments of which only the middle segment was SLB-
infected (Supplemental Tables S7 and S8). The infected mid-
dle leaf segments of B75 accumulated much larger amounts
of non-O-methyl and O-methylflavonoids than the nonin-
fected upper and lower leaf segments (Figure  5A;
Supplemental Table S9). Induced accumulation was already
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significant 2d post-inoculation, but was further increased at
day 4. Similar results were obtained for the hybrid maize
“Sweet Nugget” (Supplemental Figure S15; Supplemental
Table 59).

The induction of flavonoids is a general pathogen
response

To test whether the production of maize flavonoids is elicited
by diverse fungal pathogens and thus represents a common
defense response, we analyzed leaves (Z mays “Sweet
Nugget” hybrid) treated with six different maize fungal patho-
gens, including necrotrophs and hemibiotrophs, and the elici-
tor chitosan (CHT; Supplemental Table S$10). Despite
remarkable quantitative differences in flavonoid content for
the different fungal treatments, which are in line with the
manifestation of disease symptoms (Supplemental Figure
$16), all of the fungi as well as CHT significantly induced the
production of both O-methylated and non-O-methylated
flavonoids (Figure 5B; Supplemental Table 510). Overall non-
O-methyl and O-methylflavonoid content and composition
were consistent with our previous data obtained for this
maize line (Supplemental Figure $15; Supplemental Tables S7
and S8). These results demonstrate that the production of
flavonoids, especially O-methylflavonoids is part of a general
maize response to fungal pathogens.

The fungus-induced formation of O-methylflavo-
noids is accompanied by large-scale transcriptomic
and metabolomic changes in the flavonoid and BX
pathways

A broader investigation of transcriptomic and metabolomic
data sets from SLB-infected and noninfected W22 leaves
revealed many differences between the treatments beyond
the O-methylation of flavonoids and their accumulation
(Supplemental Figure S17). Apart from FOMT2/3, FOMT4,
and FOMT5, a majority of known or predicted gene tran-
scripts associated with flavonoid pathways increased signifi-
cantly in response to the fungal elicitation (Figure G6A;
Supplemental Table S2). Transcript abundance was associ-
ated with increased production of flavonoids belonging to
different subclasses, mainly flavanones, flavones, and dihy-
droflavonols (Figure 6B; Supplemental Tables 57 and $8). In
the BX pathway, transcript changes were more diverse.
While genes encoding the core pathway (BX1-BX8) were
downregulated after fungal infection, the terminal steps cat-
alyzed by the OMTs BX10/11/14 were upregulated at both
the transcript and metabolite levels (Supplemental Figure
$18; Supplemental Tables S2 and S11). A RT-gPCR analysis
of selected flavonoid and BX pathway genes confirmed the
broad transcriptomic data, which was obtained from the
RNA-seq experiment (Supplemental Figure 519).

Xilonenin and other maize flavonoids have
antifungal activity

Xilonenin was the most abundant FOMT product detected in
our experiments (Figure 1; Supplemental Table S8). To
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Figure 5 The accumulation of flavonoids is a general pathogen response in maize and occurs locally at the site of pathogen infection. A, Spatial EJ
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examine its impact on the growth of specific maize fungal
pathogens, we conducted in vitro bioassays using F. graminea-
rum, F. verticillioides, Rhizopus microsporus, and B. maydis, re-
sponsible for disease in diverse tissues. After 48 h, xilonenin
significantly reduced the growth of F. graminearum in a
dose-dependent manner (Figure 7). A similar but less pro-
nounced growth inhibition activity was observed against F.
verticillioides at a concentration of 100 pug/mL. In contrast,
xilonenin showed no antifungal activity against R. microspo-
rus or B. maydis but rather trended toward growth promo-
tion; however, this effect was not statistically significant at
48h (Figure 7).

Genkwanin, another O-methylflavonoid highly abundant
in fungus-infected maize, negatively affected the growth of
F. verticillioides but not F. graminearum (Figure 7). However,
this compound showed strong dose-dependent activity
against R. microsporus, while growth of B. maydis was
slightly, but not significantly, reduced (Figure 7).

Interestingly, the non-O-methylated flavonoid naringenin
also reduced the growth of all tested fungi, while its 5-O-
methyl derivative showed no statistical effects at 48h
(Supplemental Figure S20). Apigenin slightly inhibited the
growth of R. microsporus, and 5-O-methylapigenin reduced
the growth of both F. verticillicides and R. microsporus
(Supplemental Figure S21). In contrast, apigenin and 5-O-
methylapigenin did not result in statistically significant dif-
ferences in the growth F. graminearum and B. maydis
(Supplemental Figure S21).

Discussion

Previous research has implicated O-methylflavonoids in grass
species as anti-pathogen defenses (Kodama et al, 1992
Christensen et al, 1998 Zhou et al, 2006a; Hasegawa et al,
2014). In maize, infection studies with Colletotrichum grami-
nicola first hinted that O-methylflavonoid pathways might
play a role in maize-pathogen interactions (Balmer et al,
2013). However, the enzymes underlying the relevant biosyn-
thetic pathways have remained unknown. In this effort, we
undertook a comprehensive analysis of fungal-elicited maize
O-methylflavonoids and pathway enzymes, resulting in the
characterization of a CYP F2H and multiple OMTs with dis-
tinct product regiospecificity that produce the major induc-
ible products. Moreover, we showed significant in vitro
antifungal activity for the most abundant product, the O-di-
methyl-2-hydroxynaringenin tautomer xilonenin, and for ad-
ditional abundant O-methylated and non-O-methylated
flavonoids.

Association studies and enzyme analyses
demonstrate that FOMT2 and FOMT4 are
responsible for the formation of maize
O-methylflavonoids

FOMTs have been characterized from dicot and a few
monocot species (Kim et al, 2010); however, only two
FOMTSs active on the flavonoid A-ring have been reported
in grasses (Christensen et al, 1998; Shimizu et al, 2012).

PLANT PHYSIOLOGY 2021: 00; 1-24 I 11

Here, we identified and characterized four maize OMT genes,
namely FOMT2, FOMT3, FOMT4, and FOMTS5 that were able
to convert different flavonoids regiospecifically to their re-
spective 5-, 7-, and 6-O-methyl derivatives (Figures 2 and 3;
Supplemental Table S5). Several lines of evidence suggest
that two of these OMTs, FOMT2 and FOMT4, are responsi-
ble for the formation of the bulk of the O-methylflavonoids
detected in planta. First, metabolite-based association map-
ping efforts identified FOMT2 and FOMT4 as key biosyn-
thetic candidates (Figure 2, A and B; Supplemental Figures
S2 and $3). Second, transcripts of FOMT2 and FOMT4 and
their corresponding enzymatic products (5- and 7-O-methyl-
flavonoids, respectively) accumulated significantly after fun-
gal elicitation, while FOMT3 encoding another 5-OMT
displayed low levels of expression (Figures 1, 2C, and 6;
Supplemental Table 52). Third, biochemical characterization
not only confirmed the regiospecific activity of the FOMTs,
but further demonstrated that FOMT2 and FOMT4 prefer
flavanones and flavones, respectively, as substrates, mirroring
the qualitative and quantitative abundance of the corre-
sponding 5- and 7-O-methylflavonoids in planta (Figures 2E
and 3; Supplemental Figure S8; Supplemental Table S8).

To understand defense pathway specificity, we also exam-
ined the BX pathway OMTs BX10, BX11, BX12, and BX14
that are closely related to FOMT2/3 (Figure 2D). All four
BX OMTs displayed only trace activities for specific subsets
of the tested flavonoid substrates, with 5- andfor 7-O-
methyl derivatives produced in unspecific amounts
(Supplemental Table S5). However, BX10, BX11, and BX12
each catalyzed the 5,7-O-dimethylation of apigenin
(Supplemental Table S5), at a rate up to 60% of that of the
FOMT2 and FOMT4 combination, demonstrating that BX
OMTs could contribute to the biosynthesis of specific O-
methylflavonoids in a limited way.

F2H2 and FOMT2 are the key enzymes in the
biosynthesis of xilonenin tautomers

Previously, F2H1 (CYP93G5) was demonstrated to catalyze
the conversion of flavanones (naringenin and eriodictyol) to
their corresponding 2-hydroxy derivatives, which are inter-
mediates in the production of maize C-glycosyl flavone anti-
herbivore defenses such as maysin (Morohashi et al, 2012
Falcone-Ferreyra et al, 2013; Casas et al, 2016). Our results
demonstrate  that the homologous enzyme F2H2
(CYP93G15) together with FOMT2 is involved in fungus-
elicited production of the tautomeric xilonenin (Figure 4).
F2H2 catalyzes the same reaction as F2H1 in vitro, convert-
ing naringenin and eriodictyol to 2-hydroxynaringenin and
2-hydroxyeriodictyol, respectively (Figure 4D; Supplemental
Figure S$12); however, only F2H2 expression occurs upon fun-
gal elicitation (Figure 4C Supplemental Figure $19). Closely
related to the F2Hs are the FNSIIs (Figure 4B), which are
proposed to generate the flavone double bond via a reac-
tion where initial hydrogen abstraction from C-2 is followed
by hydroxylation at this position and finally dehydration be-
tween C-2 and C-3. F2H activity is similar but with the loss
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.g fresh wel.
0.7
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shown as a heat map next to the gene abbreviation: DAM (left column) and SLB (right column). For statistics, corresponding gene abbreviations
and gene IDs see Supplemental Table S2. B, Quantitative LC-MS/MS analysis of representative flavonoids in the same samples. Metabolite
amounts are given in microgram per gram fresh weight for DAM (left column) and SLB (right column). RPKM, reads per kilobase per million reads

mapped.
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Figure 7 Antifungal activity of xilonenin and genkwanin. Growth (optical density (OD) at 600 nm) of . graminearum, F. verticillioides, R. microspo-
rys, and B. maydis in the absence and presence of purified xilonenin (A) and genkwanin (B) measured over a 48-h time course in a defined mini-
mal broth medium using a microtiter plate assay. Data are shown as means+se (n = 4-5). Different letters indicate significant differences
(P < 0.05) between treatments at 48h (one-way ANOVA followed by Tukey—Kramer's post hoc test). Fusarium graminearum: xilonenin
(F = 20359, P < 0.001); genkwanin (F = 1.669, P = 0.242); f. verticillioides: xilonenin (F = 4.710, P = 0.031); genkwanin (F = 19.373, P < 0.001); R.
microsporus: xilonenin (F = 3.386, P = 0.068); genkwanin (F = 47.766, P < 0.001); B. maydis: xilonenin (F = 0.485, P = 0.627); genkwanin (F = 0.460,
P = 0.645).

L Z0Z JaquisAc g0 Uo Jasn siwayoocabolq Jny Jnsul-youe|d-xeW Aq Z2SZ L 79/96vaenysAudid/eg0 L 0 Liop/eoine-soueapesAydidiwosdno oiwepese)isdyy woly pepeojumoq



Manuscript Il

14 | PLANT PHYSIOLOGY 2021: Page 14 of 24

of the dehydratase activity (Akashi et al, 1998; Sawada et al,,
2002). The close similarity between these two enzyme
groups was seen in our work with FNSII2, a close relative to
the recently characterized FNSIT (CYP93G7; Righini et al,
2019). FNSII2 produced apigenin and low yet detectable levels
of 2-hydroxynaringenin (Supplemental Figure $12), supporting
2-hydroxyflavanones as intermediates in the FNSII reaction
mechanism. However, whether 2-hydroxyflavanones are ac-
cepted as substrates by FNSII1/2 remains to be elucidated.

Association mapping analyses using the B73 x Ky21 RIL
population and the Goodman diversity panel linked FOMT2
with the occurrence of 2-hydroxynaringenin-derived xilone-
nin tautomers (Figure 4A; Supplemental Figures S2 and
$10). Heterologous enzyme expression assays confirmed that
recombinant FOMT2 utilizes 2-hydroxynaringenin as a sub-
strate to catalyze the production of xilonenin in vitro
(Figure 4, D and E). Furthermore, the extensive list of sub-
strates used for comprehensive biochemical characterization
demonstrates that 2-hydroxynaringenin is the preferred sub-
strate of FOMT2 (Figure 3). Our results parallel the identifi-
cation of xilonenin as most abundant FOMT2 product in
both W22 and B75 inbred lines (Supplemental Table $8).
Besides xilonenin tautomers, we detected two other prod-
ucts of FOMT2 in the enzyme assays and in the plant that
are likely keto-enol tautomers of O-methyl-2-hydroxynarin-
genin (Figure 4D; Supplemental Figure 59). However, the
rather low abundance of the precursor 2-hydroxynaringenin
and its mono-O-methyl derivatives compared to xilonenin
tautomers indicate a rapid and efficient turnover by FOMT2
in planta (Figure 1; Supplemental Tables S7 and $8). The
presence of the first methoxyl group in O-methyl-2-hydroxy-
naringenin does not seem to influence the occurrence of
the second O-methylation reaction considerably. This is in
contrast to other mono-O-methylflavonoids such as sakura-
netin, genkwanin, acacetin, or hispidulin that are only mar-
ginally accepted by FOMT2 as substrates for a second O-
methylation (Figure 3).

Although xilonenin has apparently not been previously
described, chalcone-like O-methylflavonoids are known
and proposed as intermediates in the biosynthesis of
echinatin, a retrochalcone with antibacterial activity
from licorice (Glycyrrhiza spp; Ayabe et al, 1980;
Haraguchi et al., 1998).

Maize O-methylflavonoids are induced by fungal
infection and contribute to plant defense

Flavonoids, including O-methylflavonoids have been previ-
ously shown to increase pathogen resistance in several plant
species (Kodama et al, 1992, Skadhauge et al, 1997
Hasegawa et al, 2014). The complex flavonoid blends we
measured in maize upon fungal attack (Figure 1
Supplemental Tables S7 and S8) accumulated largely at the
sites of pathogen infection (Figure 5A; Supplemental Figure
$15), consistent with the response of other phytoalexins
(Nicholson and Hammerschmidt, 1992; Hammerschmidt,
1999). Moreover, several of the O-methylflavonoids detected
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in fungus-elicited maize, such as genkwanin or 7-O-methyl-
scutellarein (Figure 1; Supplemental Table S8), have previ-
ously been shown to possess antimicrobial activity (Martini
et al, 2004; Balmer et al, 2013; Zhanzhaxina et al, 2020),
suggesting that the maize flavonoid blend contributes to
plant defense against pathogens. Interestingly, xilonenin, the
most prominent FOMT product in the investigated maize
lines (Figure 1; Supplemental Table S8), and other abundant
O-methylated and non-O-methylated flavonoids exhibited
contrasting effects on the growth of different maize patho-
genic fungi in our experiments. While xilonenin had signifi-
cant antifungal activity against two Fusarium species but did
not inhibit the growth of B. maydis and R. microsporus, gen-
kwanin affected the growth of R. microsporus and F. verticil-
livides but not F. graminearum and B. maydis (Figure 7).
This suggests that the complex flavonoid blend comprising
more than 35 different compounds may provide a defense
barrier against a multitude of diverse maize pathogens.
Moreover, additive and synergistic effects might mediate or
even enhance the activity of single blend components.
However, the mixed antifungal properties observed in our
bioassays may also indicate that the maize pathogen defense
response relies on several biochemical layers. For example,
flavonoids may not be the predominant antifungal com-
pounds, but may induce signaling pathways that trigger the
formation of other antifungal defenses by, for example, act-
ing as scavengers for reactive oxygen species (Zhang et al,
2015). On the other hand, some maize pathogens may have
adapted to the toxic arsenal of their host plant by detoxify-
ing their phytoalexins as is the case for other plant patho-
gens (Pedras and Ahiahonu, 2005), and this might explain
the mixed antifungal effects seen in our bioassays. Recently,
two rice pathogenic fungi have been reported to detoxify
and tolerate 7-methoxynaringenin {sakuranetin) by hydroxyl-
ation, O-demethylation or glycosylation (Katsumata et al,
2017, 2018). Maize may still respond to fungal attack with
the accumulation of flavonoid phytoalexins even if these are
not effective since we demonstrated that flavonoid induc-
tion occurs in response to a broad range of necrotrophic
and hemibiotrophic pathogens (Figure 5B).

Maize has been previously reported to biosynthesize com-
plex mixtures of other pathogen-induced defense com-
pounds including BXs, sesquiterpenoids, and diterpenoids
(Oikawa et al, 2004; Rostas, 2007, Ahmad et al, 2017;
Huffaker et al, 2011; Mafu et al, 2018; Ding et al, 2019,
2020). These substances have been demonstrated to reduce
fungal diseases in experiments with defined biosynthetic
mutants of the BX, kauralexin, and zealexin pathways
(Ahmad et al, 2011; Ding et al, 2019, 2020). Here we high-
light the role of another class of fungal-induced metabolites,
the O-methylflavonoids, in innate immune responses that
likely contribute to pathogen resistance in maize. Further in-
vestigation is required to understand if these different
groups of phytoalexins have separate or joint roles in maize
defense.
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Materials and methods

Plants and growth conditions

Seeds of maize (Z. mays) inbred line W22 (NSL 30053), B73
(Pl 550473), B75 (Pl 608774), and Nested association map-
ping (NAM; McMullen et al, 2009) parental line seeds were
provided by the US Department of Agriculture, Agricultural
Research Service (USDA-ARS). Maize seeds for the
Goodman diversity panel (Flint-Carcia et al, 2005) and the
NAM RILs B73 x Ky21 subpopulation (McMullen et al,
2009) were provided by G. Jander (Boyce Thompson
Institute) and P. Balint-Kurti (USDA-ARS), respectively. Seeds
of the maize hybrid “Sweet Nugget” were purchased from
N.L. Chrestensen Samen- und Pflanzenzucht GmbH (Erfurt,
Germany). Plants were potted in soil (mix of 70L
Tonsubstrat with 200L Kultursubstrat TS 1, Klasmann-
Deilmann, Geeste, Germany) and grown in a climate-
controlled chamber (Snijders Labs, Tilburg, Netherlands) un-
der a 16-h light/8-h dark photoperiod, 1mmol m™s™" pho-
tosynthetically active radiation, a temperature cycle of 24°C/
20°C (day/night), and 70% relative humidity.

Fungi and growth conditions

Fungal cultures of B. maydis (Belgian Co-ordinated
Collections of Micro-Organisms, Institute of Hygiene,
Epidemiology and Mycology, strain no. 5881), C. graminicola
(Leibniz-Institut, Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ), strain (DSM) no. 63127), F.
graminearum (DSM 4528), and Kabatiella zeae (DSM 62737)
were grown on potato dextrose agar (Sigma-Aldrich, St
Louis, MO, USA) for 7d at 25°C or 28°C (B. maydis) in the
dark prior to use and subcultured if necessary (see below)
to induce sporulation. Alternaria alternata (DSM 62006) and
Cercospora zeoe-maydis (Westerdijk Fungal Biodiversity
Institute, strain no, 117755) were grown on modified V8
agar (V8 replaced by tomato juice, pH 6.5) for 7 and 14d,
respectively, at 25°C in the dark. To obtain mycelial inocu-
lum, sterile water was added to an agar plate; the mycelium
gently scraped off, and homogenized using a tissue homoge-
nizer (Potter-Elvehjem, Carl Roth, Karlsruhe, Germany).
Sporulation of C. graminicola was induced by subculturing
on oatmeal agar (Sigma-Aldrich) at 25°C in the dark for 5-
7 d. Kabatiella zeae sporulation was enhanced using liquid K.
zege medium (KZM; Reifschneider and Arny, 1979). Briefly,
50mL KZM were inoculated with a colony plug and incu-
bated at 25°C and 150rpm for 4 d. Afterwards, 400 puL of
the liquid culture were plated on corn meal agar (Sigma-
Aldrich) and grown for another 4d. To promote sporulation
of C. zeae-maydis, the mycelium (~2cm?) was cut in lictle
pieces, suspended in 10mL sterile water, mixed vigorously
and pipetted on V8 agar (2 mL/plate). After 15 min, remain-
ing liquid was decanted and the plate was incubated at
room temperature and 12-h d light for 5d. Spores of C
zeae-maydis could not be separated from the mycelial frag-
ments and hence a mixed spore and mycelial inoculum was
used for experiments, All other spores were harvested in
sterile water, filtered through a 40-um cell strainer and
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quantified for use. Zymoseptoria pseudotritici (STIR04 2.2.1)
was kindly provided by Eva Stukenbrock (Stukenbrock et al.,
2011, 2012) and grown on yeast-malt agar (4 g/L yeast ex-
tract, 4 g/L malt extract, 4 g/L sucrose, 15 g/L agar) at 18°C
in the dark for 7d. Then, colonies were picked, used to inoc-
ulate liquid yeast-malt sucrose (4 g/L yeast extract, 4 gfL
malt extract, 4 g/L sucrose), and incubated at 18°C and
150 rpm for 4-5d. Spores were harvested by centrifugation
and resuspended in sterile water for quantification.

Plant inoculations with live fungi and CHT

All experiments were performed on the third fully devel-
oped leaf of 14-d-old maize plants. To analyze the content
and spatial distribution of flavonoids in different maize lines
after B. maydis infection, the middle segments of leaves
were wounded on both sides of the midrib using modified
pliers (punch-inoculation method; Matsuyama and Rich,
1974), producing a crushed spot, but without punching out
a hole. Usually, 12 crushed spots per middle segment of
about 10-cm length were made. Afterwards, a mycelial sus-
pension of B. maydis containing 0.02% (v/v) Tween-20 was
applied with a sterile cotton swab to each wounded spot
(n = 6-8). Control plants were wounded and treated with
water containing 0.02% (v/v) Tween-20 (n = 6-8). Whole
plants were wrapped in plastic oven bags (“Bratschlauch,”
Toppits, Minden, Germany) left open at the top to allow
moderate air circulation, but prevent direct contact between
plants of different treatments, and incubated for two or 4d.
For the general pathogen response experiment, hybrid maize
(var. “Sweet Nugget”) plants were treated as described
above, except that C. graminicola, K. zeae, and Z. pseudotri-
tici were used as spore suspensions (1 x 10%/mL), while all
other fungi were applied as a mycelial suspension. In addi-
tion, control treatments included undamaged plants. CHT
was used as an artificial elicitor. Therefore low viscous CHT
(50-190 kDa; Sigma-Aldrich) was dissolved to 1% (w/v) in
1% (v/v) acetic acid in water and further diluted with sterile
water to 0.1% (w/v). Control plants were treated with 0.1%
(v/v) acetic acid in water, respectively. In all experiments,
different leaf segments were collected separately by cutting
the leaf on both sides of the wounded and inoculated area
(1.5cm distant from the outer spots), flash-freezing in liquid
nitrogen (N,), and storing at —80°C until further processing.

Maize stem treatments with heat-killed fungal
elicitors

Treatment of NAM inbred line parents and plants of the
Goodman association panel follow from previous efforts
(Ding et al, 2017, 2019). Plants of the Goodman diversity
panel (260 analyzed inbred lines) were grown in greenhouses
while the NAM RIL B73 x Ky21 subpopulation (156 ana-
lyzed lines) was grown in the field (2016, UCSD). Using a
scalpel, 35-d-old plants were slit in the center, spanning
both sides of the stem, to create an 8-cm long parallel longi-
tudinal incision spanning the upper nodes, internodes, and
basal portion of unexpanded leaves. To activate antifungal
defenses, 500pL of the heat-killed fungal hyphae
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(commercial Fusarium venenatum, strain PTA-2684, Monde
Nissin Corporation, Santa Rosa, Phillipines) was placed into
each slit stem and sealed with clear plastic packing tape to
minimize tissue desiccation. Three or 5d after elicitation (for
plants of the Goodman panel and B73 x Ky21 RILs, respec-
tively), reacted stem tissues were harvested in liquid N,
ground to fine power, weighed out in 50mg aliquots and
stored at —80°C for analyses.

Methanol extraction of plant material

Maize leaf tissue was ground to a fine powder under liquid
N, using a Geno/Grinder tissue homogenizer (SPEX
SamplePrep). The frozen powder (50-70 mg) was weighed in
a 2mlL microcentrifuge tube, and five volumes of 100%
methanol (LC-MS grade, Merck) were added. The plant
samples were immediately vortexed, and then further
extracted using a ThermoMixer C (Eppendorf, Hamburg,
Germany) for 5min at 2,000 rpm and 20°C. Cell debris was
sedimented by centrifugation at 16,000 g and 20°C for
25min and the supernatant was transferred to a new 1.5-
mL microcentrifuge tube. The sediment was extracted a sec-
ond time with five volumes of 100% methanol and finally
the combined supernatant was centrifuged again to remove
all remaining particles. All samples were stored at —-20°C be-
fore analysis.

LC-MS analysis of flavonoids and BXs
Untargeted LC-MS analysis with accurate mass
determination

Chromatography was performed on a Dionex UltiMate 3000
RS pump system (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a ZORBAX RRHD Eclipse XDB-C18 col-
umn (2.1 x 100mm, 1.8um; Agilent Technologies, Santa
Clara, CA, USA). Aqueous formic acid (0.1% (v/v)) and ace-
tonitrile were used as mobile phases A and B, respectively,
with a flow rate of 0.3 mL/min. The column temperature
was maintained at 25°C. The following elution profile was
used: 0-0.5min, 5% B; 0.5-11min, 5-60% B; 11.1-12min,
100% B; 12.1-15min, 5% B. The injection volume was 2 L.
The LC system was coupled to a timsTOF mass spectrome-
ter (Bruker Daltonics, Billerica, MA, USA) equipped with an
ESI ion source. Both positive and negative ionization were
used for the analysis in full scan and auto MS/MS modes,
scanning masses from m/z 50-1,500 (detailed parameters
are provided in Supplemental Table $12). Sodium formate
adducts were used for internal calibration. The software pro-
grams Bruker otof control version 5.1.107 and HyStar
4.1.31.1 (Bruker Daltonics) were used for data acquisition,
and DataAnalysis version 5.1.201 (Bruker Daltonics) and
MetaboScape version 4.0 (Bruker Daltonics) were used for
data processing.

Targeted LC-MS/MS analysis for quantification of

compounds in plant extracts and analysis of enzyme assays
Chromatographic separation was achieved on an Agilent
1260 Infinity 1l LC system (Agilent Technologies) equipped
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with a ZORBAX Eclipse XDB-C18 column (50 x 4.6 mm, 1.8
um; Agilent Technologies), using aqueous formic acid
(0.05% (v/v)) and acetonitrile as mobile phases A and B, re-
spectively. The flow rate was 1.1 mL/min and the column
temperature was maintained at 20°C. The injection volume
was 2L for maize leave extracts and 1-4puL for enzyme
assays. The following gradient was used for the separation of
flavonoids and flavonoid glycosides: 0-0.5min, 10% B; 05—
8.0 min, 10-55% B; 8.5-9.0 min, 100% B; 9.02-11min, 10% B.
The LC system was coupled to a QTRAP 6500+ tandem
mass spectrometer (Sciex, Framingham, MA, USA)
equipped with a turbospray ESI ion source, operated in
positive or negative ionization mode, for the analysis of
flavonoids or flavonoid glycosides, respectively (detailed
parameters are provided in Supplemental Table 513). For
the analysis of BXs, the chromatography was performed
as described above, except that the following elution pro-
file was used: 0-0.5min, 5% B; 0.5-6.0 min, 5-32.5% B;
6.02-7.0 min, 100% B; 7.10-9.5min, 5% B. The mass spec-
trometer was operated in negative ionization mode (de-
tailed settings are provided in Supplemental Table $13).
Multiple reaction monitoring was used to monitor analyte
precursor ion — product ion transitions of flavonoids, fla-
vonoid glycosides and BXs (Supplemental Tables S4, S15,
and $16, respectively). Flavonoids were quantified using
external calibration curves (0.5, 1, 2, 5, 10, 25, 50, 100, 200,
400, 1,000, 2,000, and 4,000 ng/mL) composed of commer-
cially available standards as well as self-purified and NMR-
quantified O-methylflavonoids (for all standards used, see
Supplemental Table $17). Analyst version 1.6.3 software
(Sciex) was used for data acquisition and processing. In
addition, MultiQuant version 3.0.3 software (Sciex) was
used for quantitative analysis.

Untargeted LC-UV-MS analysis for purification

The O-methylflavonoid content of E. coli culture extracts
was analyzed using an Agilent 1100 Series LC system
(Agilent Technologies) coupled to an ultraviolet diode array
detector (UV-DAD, Agilent Technologies) and an Esquire
6000 ESl-lon trap mass spectrometer (Bruker Daltonics).
Chromatographic separation was performed on an EC 250/
4.6 Nucleodur Sphinx column (RP 5pm, Macherey-Nagel,
Duren, Germany), with 02% (v/v) formic acid in water (A)
and acetonitrile (B) as mobile phases. The flow rate was
TmL/min and the column temperature was set to 25°C.
The following elution profile was used: 0-15 min, 30-60% B;
15.1-16 min, 100% B; 16.1-20 min, 30% B. The mass spec-
trometer was run in alternating ion polarity (positive/nega-
tive) mode with a skimmer voltage of +40V/-40V, a
capillary voltage of -3,500V/+ 3,000V and a capillary exit
voltage of 1135V/-1135V, to scan masses from m/z 50—
3,000. N, was used as drying gas (11L/min, 330°C) and neb-
ulizer gas (35psi). The software programs esquireControl
version 6.1 (Bruker Daltonics) and HyStar version 3.2 (Bruker
Daltonics) were used for data acquisition, while DataAnalysis
version 3.4 was used for data processing. The UV absorption
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of individual O-methylflavonoids was analyzed using the
post-processing software included in the HyStar version 3.2
package (Bruker Daltonics).

Semi-preparative high performance liquid chromatography
with ultraviolet detector(HPLC-UV) for purification

For the purification of O-methylflavonoids, an Agilent 1100
series LC system (Agilent Technologies) coupled te an UV/
VIS-detector and connected to an SF-2120 Super Fraction
Collector (Advantec MSF, Inc, Dublin, CA, USA), was used.
Chromatography was performed as described above in the
section “Untargeted LC-MS analysis coupled with UV for
purification,” except that 0.05% (v/v) formic acid in water
was used as mobile phase A. Depending on the O-methylfla-
vonoid to be purified, UV absorption was monitored at a
single wavelength between 280 and 335nm and used to de-
termine the respective peak(s) for collection. HP
ChemStation for LC (Rev. A06.03, Hewlett Packard) was
used for data acquisition.

Analyses of fungus-elicited flavonoids in stems
Analysis of fungus-elicited tissue from the NAM RIL
B73 x Ky21 subpopulation and Goodman diversity panel
employed LC/MS parameters and settings previously described
(Ding et al, 2017). Stem tissue samples were sequentially bead
homogenized in a series of solvents resulting in final volume
of 450 uL and mixture of 1-propanclacetonitrile:ethyl acetate:-
water (11:39:28:22). Approximately 150 L of the particulate-
free supernatant was used for LC/MS analyses using 5-pL
injections. The LC consisted of an Agilent 1260 Infinitely Series
HP Degasser (G4225A), 1260 binary pump (G1312B), and
1260 autosampler (G1329B). The binary gradient mobile phase
consisted of 0.1% (v/v) formic acid in water (solvent A)
and 0.1% (v/v) formic acid in methanol (solvent B).
Chromatographic separation was performed on a Zorbax
Eclipse Plus C18 Rapid Resolution HD column (Agilent
1.8 um, 50 X 2.1 mm) using a 0.35 mL/min flow rate. The mo-
bile phase gradient was: 0-2 min, 5% B constant ratio; 3 min,
24% B; 18 min, 98% B; 25min, 98% B; and 26 min, 5% B for
column re-equilibration before the next injection. Electrospray
jonization was accomplished with an Agilent Jet Stream
Source with the following parameters: nozzle voltage (500V),
N, nebulizing gas (flow, 12 L/min, 379 kPa, 225°C) and sheath
gas (350°C, 12L/min). The transfer inlet capillary was 3,500V
and both MS1 and MS2 heaters were at 100°C. Negative ioni-
zation [M-H]™ mode scans (0.1-atomic mass unit steps, 2.25
cycles/s) from m/z 100-1,000 were acquired. The compounds
identified in order of relative retention times and [M-H]™ par-
ent ions are: xilonenin keto tautomer (9.00 min, m/z 315),
apigenin-5-methyl ether (1037 min, m/z 283), xilonenin enol
tautomer (10.71 min, m/z 315), apigenin (11.78 min, m/z 269),
and genkwanin (13.77 min, m/z 283).
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Genetic mapping of O-methylflavonoid biosynthetic
genes

A list of Goodman diversity panel inbred lines and NAM
B73 x Ky21 subpopulation RILs used for mapping in this
study is given in Supplemental Table $18. Flavonoid levels
were used as traits for the association analyses. Genotypic
data for the NAM B73 x Ky21 RIL subpopulation (NAM im-
puted AllZea GBS Build July 2012 FINAL AGPv2) and
Goodman Diversity panel (Maize HapMapV3.2.1 genotypes
with imputation, AGPv3) were downloaded (www.panzea.
org). SNPs with < 20% missing genotype data and minor al-
lele frequencies >5% were employed in the association
analysis resulting in the final use of 80,440 SNPs and
25,457,708 SNPs for the RIL and diversity panel, respectively.
Analyses were initially conducted in TASSEL version 5.0 us-
ing the GLM for the NAM RIL B73 x Ky21 subpopulation
and the unified mixed linear model (MLM) for the
Goodman association panel (Yu et al, 2006; Bradbury et al.,
2007; Zhang et al, 2010). This was done to minimize false
positives arising from differential population structures and
familial relatedness (Yu et al, 2006). Differential population
structure and familial relatedness are less common features
in biparental RIL populations and enable GLM analyses for
the B73 x Ky21 RILs (Ding et al, 2017, 2020). To improve
GWAS analysis, the kinship matrix (K) was used jointly with
population structure (Q). Final analyses were conducted
with the R package GAPIT (Lipka et al, 2012). Manhattan
plots were constructed in the R package qgman (version
0.14) (http://cranrproject.org/web/packages/qqman; Turner,
2014).

RNA and ¢cDNA preparation

Total RNA was extracted from approximately 50-mg frozen
plant powder using the InviTrap Spin Plant RNA Kit
(Stratec) according to the manufacturer’s instructions. The
RNA concentration and purity was assessed with a spectro-
photometer (NanoDrop 2000¢; Thermo Fisher Scientific).
RNA (1pg) was treated with DNasel (Thermo Fisher
Scientific), followed by cDNA synthesis using SuperScript Il
reverse transcriptase and oligo (dT),, primers (Invitrogen)
according to the manufacturer’s instructions.

RNA-seq

To investigate gene expressional changes after fungal infec-
tion in W22, total RNA was extracted from leaf tissue
(n=4) as described above and sent to Novogene
(Cambridge, UK) for RNA-seq library construction (polyA
enrichment) and sequencing (NovaSeq PE150, paired reads,
6 G of raw data per sample). Trimming of the obtained se-
quencing reads and mapping to the maize W22
NRGene_V2 genome were performed with the program
CLC Genomics Workbench (Qiagen Bioinformatics, Hilden,
Germany; mapping parameter: length fraction, 0.8; similarity
fraction, 0.9; max number of hits, 25). Empirical analysis of
digital gene expression implemented in the program CLC
Genomics Workbench was used for gene expression analysis.
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Raw reads were deposited in the NCBI Sequence Read
Archive (SRA) under the BioProject accession PRINA742147.

RT-qPCR analysis

To verify gene expression data of flavonoid and BX pathway
genes from RNA-Seq, RT-qPCR was performed. For the am-
plification of gene fragments with a length of 100-250bp,
specific primers were designed having a Tm > 60°C, a GC
content between 40% and 60%, and a primer length of
20-23 nucleotides (Supplemental Table $19). The primer
specificity was confirmed by agarose gel electrophoresis,
melting curve analysis, and by sequence verification of
cloned PCR amplicons. Primer pair efficiency (90%—112%)
was determined using standard curve analysis with two-
fold serial dilutions of ¢cDNA. UBCP and MEP (Manoli
et al, 2012) were used as reference genes. The measure-
ments were performed using 1L 1:10 diluted ¢cDNA in
20-pL reaction mixture containing Brilliant Il Ultra-Fast
SYBR® Green QPCR Master Mix (Agilent Technologies).
All samples were run on a CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA,
USA) in an optical 96-well plate. Four biological replicates
per treatment were analyzed as triplicates. The following
PCR conditions were applied for all reactions: Initial incu-
bation at 95°C for 3 min followed by 40 cycles of amplifi-
cation (95°C for 10, 60°C for 105s). For all measurements,
reads were taken during the extension step of each cycle
and melting curve data were recorded at the end of cy-
cling at 55-95°C. Cq values for the calculation of relative
quantities were determined using CFX Manager version
3.1 software (Bio-Rad Laboratories).

Cloning and heterologous expression of OMT genes
in E. coli

The complete open reading frames of FOMT2 (W22) and
FOMT4 (W22) were amplified from ¢cDNA obtained from B.
maydis-infected W22 leaves with the primer pairs listed in
Supplemental Table $20. FOMT3 and FOMT5 were amplified
from plasmids containing the synthesized codon-optimized
open reading frames (see paragraph below). The PCR prod-
ucts were cloned into the expression vector pET100/D-
TOPO (Invitrogen, Waltham, MA, USA) or pASK-IBA37plus
(IBA Lifesciences, Gottingen, Germany) and fully sequenced.
BX10 (B73), BX11 (B73), BX12 (CML322), and BX14 (B73)
were provided as pASK-IBA37plus constructs by Vinzenz
Handrick (Meihls et al, 2013; Handrick et al, 2016). For het-
erologous expression, the expression constructs were trans-
ferred in E. coli strain BL271 (DE3; Invitrogen). Liquid cultures
were grown in lysogeny broth at 37°C and 220 rpm until an
optical density at 600 nm (ODgg) of 0.8-1, induced with a
final concentration of 1mM IPTG or 200 pg/L anhydrotetra-
cycline, and subsequently incubated at 18°C and 220rpm
for 15h. The cells were harvested by centrifugation at
5000g and 4°C for 10 min, resuspended in refrigerated ex-
traction buffer (S0mM Tris—-HCl pH 8, 500mM NaCl,
20 mM imidazole, 10% (v/v) glycerol, 1% (v/v) Tween20, and
25U/mL Benzonase Nuclease (Merck, Kenilworth, NJ, USA;
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freshly added)) and disrupted by sonication (4 x 20 s, with
cooling on ice in between; Bandelin UW 2070). Cell debris
was removed by centrifugation (16,000 g at 4°C for 20 min)
and the N-terminal His-tagged proteins were purified from
the supernatant using HisPur Cobalt Spin Columns (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. Tris—HC| buffer (pH 8, without Tween-20; see above)
containing either 20 mM or 250 mM imidazole was used for
equilibration/washing and elution steps, respectively. The
buffer of the eluted protein samples was exchanged for assay
buffer (50 mM Tris—HCl pH 7, 10% (v/v) glycerol) by gel fil-
tration using illustra NAP Columns (GE Healthcare, Chicago,
IL, USA). Protein concentrations were determined by the
Bradford method using Quick Start Bradford 1x Dye
Reagent (Bio-Rad Laboratories) and prediluted BSA protein
standards (Thermo Scientific).

Gene synthesis

The complete open reading frames of FOMT3 (B73_V3) and
FOMTS (B73_V3) were synthesized after codon optimization
for heterologous expression in E. coli by Eurofins MWG
Operon (for sequences, see Supplemental Figure 522).
CYP93G candidate genes (W22_V2) were codon optimized
for S. cerevisige and synthesized using the GeneArt gene syn-
thesis service (Thermo Fisher Scientific) (for sequences, see
Supplemental Figure S$23). The synthetic genes were subcl-
oned into the vector pUC57 (FOMT3 and FOMTS5) or pMA-
T (CYP93G candidates), and the final constructs were veri-
fied by sequencing

Cloning and heterologous expression of CYP93G
genes in yeast

The complete open reading frames of F2H1 (W22), F2H2
(W22), FNSI2 (W22), Zm00004b039147 (CYP93G6-W22), and
Zm00004b033036  (CYP93r6-W22) were synthesized as
codon-optimized sequence (see above) and cloned as sticky-
end fragments into the pESC-Leu 2d vector (Ro et al, 2008).
F2H1 (B73) was amplified from cDNA (for primers used, see
Supplemental Table S19). For heterologous expression in
yeast, the resulting constructs were transformed into the
engineered S. cerevisiae strain WAT11 (Pompon et al, 1996)
using the S.c. EasyComp Transformation Kit (Invitrogen)
according to the manufacturer's instructions. Subsequently,
30- mL Sc-Leu minimal medium (6.7 g/L yeast N, base with-
out amino acids, but with ammonium sulfate; 100 mg/L of
each l-adenine, l-arginine, |-cysteine, |-lysine, |-threonine, |-
tryptophan, and uracil; 50 mg/L of each l-aspartic acid, I-his-
tidine, l-isoleucine, I-methionine, |-phenylalanine, I-proline, |-
serine, |-tyrosine, and l-valine; 20g/L d-glucose) was inocu-
lated with single yeast colonies and grown overnight at
28°C and 180 rpm. For main cultures, 100 mL YPGA (Glc)
full medium (10g/L yeast extract, 20g/L bactopeptone,
74 mg/L adenine hemisulfate, 20g/L d-glucose) was inocu-
lated with one unit ODgyy of the overnight cultures and in-
cubated under the same conditions for 30-35 h. After
centrifugation (5,000g 16°C, 5min), the expression was in-
duced by resuspension of the cells in 100 mL YPCA (Gal)

LZ0Z JequiaAoN 60 Uo Jash alwayooabolg I} Inmisul-oue|d-xen Ad 2/6Z L #9/96 7aensAydid/ee0 L 0 L/iop/eILe-aoueApe/sAyd|diwos-dno-olwapeoe;/:sdny Woly pepeojumod

59



Manuscript Il

60

Formation of O-methylflavonoids in maize

medium (see above, but including 20g/L galactose instead
of d-glucose) and grown for another 15-18h at 25°C and
160 rpm. The cells were harvested by centrifugation (7,500g,
10min, 4°C), resuspended in 30mL TEK buffer (50 mM
Tris—HCl pH 7.5, 1TmM EDTA, 100 mM KCI) and centrifuged
again. Then, the cells were carefully resuspended in 2 mL
TES buffer (50 mM Tris-HCl pH 7.5, TmM EDTA, 600 mM
sorbitol; freshly added: 10g/L bovine serum fraction V pro-
tein and 1.5mM [B-mercaptoethanol) and glass beads (0.45-
0.50mm diameter; Sigma-Aldrich) were added until they
reached the upper level of the cell suspension. For cell dis-
ruption, the suspensions were shaken by hand 5 times for
1 min, with cooling on ice for 1min in between. The crude
extracts were recovered by washing the glass beads 4 times
with 5mL TES. The combined washes were centrifuged
(7,500g, 10min, 4°C), and the supernatant containing the
microsomes was transferred into an ultracentrifuge tube.
After ultracentrifugation (100,000g, 90 min, 4°C), the super-
natant was carefully removed and the microsomal pellet
was gently washed with 2.5 mL TES buffer, then with 2.5 mL
TEG buffer (50 mM Tris—=HCl pH 7.5, 1 mM EDTA, 30% glyc-
erol). The microsomal fractions were homogenized in 2 mL
TEG buffer using a glass homogenizer (Potter-Elvehjem, Carl
Roth). Aliquots were stored at —20°C until further use.

In vitro enzyme assays

To test OMT activities, assays were set up containing 500
HM dithiothreitol (DTT) and 100 M of the cosubstrate
SAM. Substrates (flavonoids, caffeic acid, resveratrol, and
DIMBOA-Clc) were added at 20 pM from 400 pM stock sol-
utions made with 75% (v/v) dimethylsulfoxide (DMSO) in
water, The assay buffer contained 50mM Tris-HCl, pH 7,
10% (v/v) glycerol, and 0.8 g purified recombinant protein
(equivalent to ~200nM) was added in a total volume of
100 pL. Incubations were carried out for 1h at 25°C and
300rpm on a ThermoMixer C (Eppendorf). All assays were
conducted in technical triplicates. For combined OMT
assays, the first OMT was incubated with the substrate in
half of the assay volume for 1h and then the second OMT
was added and incubated for another hour (final reaction
volume: 100 iL). To obtain comparable activity estimates of
the individual OMTs with different substrates, the decrease
in substrate content compared to the EV control (substrate
turnover) was used to calculate relative percent activity val-
ues. The highest percent substrate turnover per enzyme was
set to 100% and the values for all other substrates were cal-
culated accordingly.

CYP assays were performed with 1TmM cosubstrate
NADPH, 20 1M substrate (naringenin or eriodictyol), assay
buffer, and 60 UL microsomal fractions in a total volume of
300 piL and incubated for 2 h at 25°C and 300 rpm. All assays
were repeated at least twice. For combined CYP and OMT
activity assays, CYPs were pre-incubated with the substrate
(30 uM) and NADPH (1mM) in a 200 uL reaction volume
for 1h, before addition of recombinant OMT protein, DTT,
and SAM (final reaction volume: 300 uL). All reactions were
stopped by adding one volume of 100% methanol and
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centrifuged at 4,000 g for 5-10min to remove denatured
proteins. Product formation was monitored by the analytical
methods described above.

Purification of O-methylflavonoids from E. coli
cultures

E coli BL21 (DE3) harboring a FOMT2 or FOMT4 expression
construct (described above in “Cloning and heterologous ex-
pression of OMT genes in E coli") were grown in terrific
broth at 37°C and 220 rpm, induced at an ODgq of 0.5 with
a final concentration of 1mM IPTG or 200 jig/L anhydrote-
tracycline, and incubated for another 2-3h at 37°C and
220 rpm. Subsequently, flavonoid substrate (naringenin, apige-
nin, and scutellarein; solved in 75% (v/v) DMSO in water)
was added to yield a final concentration of 25 ug/mlL and the
culture was incubated at 25°C and 220 rpm for 15 h. The cul-
ture was centrifuged at 5000 g and 4°C for 20 min and the
supernatant and the cell pellet were stored separately until
further processing at 4°C and -20°C, respectively. For the
production of 57-O-dimethylflavonoids, a FOMT4 overex-
pressing culture was supplemented with the FOMT2 culture
supernatant in a ratio of 1:5 (e.g. 25 mL FOMT2 culture super-
natant/100 mL FOMT4 overexpressing culture) and treated as
described above. The culture supernatant was pre-purified by
solid phase extraction (SPE) using a Chromabond HR-X col-
umn (15mL, 500mg, 83 um, Macherey-Nagel). The column
was washed with 40% (v/v) methanol in water and, after dry-
ing for 30-60 min under vacuum, hydrophobic components
were eluted thrice with 50:50 (v/v) methanol:acetonitrile fol-
lowed by two elution steps with 100% acetonitrile. The E. coli
pellet was extracted with 100% methanol (2.5-4 mL per pel-
let resulting from 100 mL culture) for 2 times 5min in an ul-
trasonic bath, with vortexing in between. Cell fragments were
removed by centrifugation at 5000 g and 4°C for 20 min.
The O-methylflavonoid content of SPE fractions and pellet
extract was analyzed using LC-UV-MS as described in the
section “Untargeted LC-UV-MS analysis for purification” and
fractions containing the desired compound were combined
and dried using a Rotavapor R-114 rotary evaporation system
(Biichi, Flawil, Switzerland). After redissolving in 100% metha-
nol, partially occurring precipitate was removed using a
Minisart SRP syringe filter (Sartorius) and water was added to
yield a solution of 50:50 (v/v) methanolwater. The resulting
E. coli extract was separated by HPLC-UV as described above
in chapter “Semi-preparative HPLC-UV for purification.”
Collected fractions were dried using a rotary evaporator and
subsequently a desiccator, and subjected to NMR and LC-
MS/MS analysis.

Synthesis of 2-hydroxynaringenin

For synthesis of 2-hydroxynaringenin, we used a previously
published method (Hao et al, 2016) and subsequently veri-
fied the structure by NMR.
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NMR spectroscopy for structure elucidation and
quantitative analysis

'H NMR, "C NMR, 'H-'"H COSY, 'H-'H ROESY, 'H-"*C
HSQC, and "H-"*C HMBC spectra were measured at 300K
(except for 2-hydroxynaringenin, which was measured at
268 K) on either a Bruker Avance Il HD 500 NMR spectrom-
eter, equipped with a cryogenically cooled 5mm TCl
"H{™*C} probe or an Avance Ill HD 700 NMR spectrometer,
equipped with cryogenically cooled 1.7mm TCl "H{"*C}
probe. Samples were measured in acetone-ds and MeOH-d;,
respectively. Chemical shifts were referenced using the resid-
ual solvent signals at 8y 2.05/3¢ 29.92 for acetone-d, and 8y
3.31/8¢ 49.15 for MeOH-d;. Spectrometer control, data ac-
quisition, and processing were accomplished using Bruker
TopSpin version 3.6.1. Standard pulse programs as imple-
mented in Bruker TopSpin were used. For quantitative NMR
measurements the Bruker ERETIC-2 protocol was used.
(-)-Catechin was used as an external standard.

Sequence analysis and phylogenetic tree
reconstruction

Maize OMT genes similar to FOMT2 (B73), anthranilic acid
methyltransferase 1 (AAMT1; B73), and CCoAOMT1 (B73) or
maize CYP93G candidates similar to F2H1 (B73) were identi-
fied by BLASTP analysis available on MaizeGDB (https://
www.maizegdb.org/), with B73 RefGen_V4 and W22
NRGene_V2 as search datasets, respectively. Multiple se-
quence alignments of maize OMT genes and characterized
FOMT genes from several other species were generated using
the MUSCLE codon algorithm implemented in the software
MEGA version 7 (Kumar et al., 2016). Based on these align-
ments, phylogenetic trees were reconstructed with MEGA7
using a maximum likelihood method. Codon positions in-
cluded were first + second + third + noncoding. All posi-
tions with < 80% site coverage (maize OMT phylogeny;
Figure 2D) or < 90% site coverage (FOMT phylogeny;
Supplemental Figure S6) were eliminated. Ambiguous bases
were allowed at any position. A bootstrap resampling analy-
sis with 1,000 replicates was performed to evaluate the to-
pology of the generated trees. A substitution model test was
performed with MEGA7 to identify the best-fitting substitu-
tion model for each dataset (for substitution model used,
see respective figure legends). Phylogenetic analysis of maize
genes similar to F2H1 and characterized F2H and FNSII genes
from other species was performed as described above, using
all positions with = 80% site coverage. All corresponding
accession numbers and references are provided in
Supplemental Tables S3 and 56. Amino acid sequence align-
ments were visualized with the software BioEdit.

In vitro bioassays with O-methyl and non-O-
methylflavonoids

Maize antifungal assays using self-purified or commercially
available flavonoids (xilonenin, genkwanin, 5-O-methylapige-
nin, 5-O-methylnaringenin, apigenin, and naringenin; see
Supplemental Table $17) were performed using the Clinical
and Laboratory Standards Institute M38-A2 guidelines
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(Schmelz et al, 2011). Fungal cultures of R. microsporus
(Northern Regional Research Laboratory [NRRL] stock no.
54029), F. verticillioides (NRRL stock no. 7415), F. graminea-
rum (NRRL stock no. 31084), and B. maydis were grown on
V8 agar for 12d before the quantification and final use as
25 x 10% conidia/mL (Huffaker et al, 2011). Using a 96-well
microtiter plate, each well contained 200 L of broth me-
dium, fungal inoculum, and 0.5 plL of either pure ethanol or
ethanol containing dilutions of flavonoids. All assays were
conducted in four to five technical replicates. The flavonoid
concentrations used in the bioassays (33 and 100 pg/mL)
were chosen based on their abundance in fungal-infected
tissue with the knowledge that (1) phytoalexin accumula-
tion is highly localized to necrotic tissues and (2) that leaves
used for metabolite quantification contained only 10-20%
necrotic tissue (Figure 1A; Supplemental Figure 516). The
actual flavonoid concentrations at the site of fungal attack
are likely to be significantly higher than those measured at
the whole leaf level. A Synergy4 (BioTek Instruments) reader
was used to monitor fungal growth at 30°C through peri-
odic measurements of changes in ODgqp.

Statistical analysis

Statistical analyses were performed using SigmaPlot version
11.0 for Windows (Systat Software). The statistical test ap-
plied is indicated in the respective figure and table legends.
Whenever necessary, the data were log-transformed to meet
statistical assumptions such as normality and homogeneity
of variances. Statistical significance of metabolomic data
obtained by untargeted LC-MS was tested using the t test
implemented in MetaboScape version 4.0 software (Bruker
Daltonics).

To investigate whether the amount of flavonoids and
O-methylflavonoids changed due to infection with B. maydis
2 or 4d after infection, two-way analyses of variance
(ANOVAs) were applied. In case of significant differences,
Tukey's honestly significant difference (HSD) tests were per-
formed. To account for the variance heterogeneity of the
residuals, data were either log-transformed prior to
the ANOVA or generalized least squares models (gls from
the nlme library; Pinheiro et al, 2020) were applied. The
varldent variance structure was used. Whether the different
variance of fungal treatment, time, or the combination of
both factors should be incorporated into the model, was de-
termined by comparing models with different variance
structures with a likelihood ratio test and choosing the
model with the smallest akaike information criterion (AIC).
The influence (P-values) of the explanatory variables was de-
termined by sequential removal of explanatory variables
starting from the full model, and comparison of the simpler
with the more complex model with a likelihood ratio test
(Zuur et al, 2009). Differences between factor levels were
determined by factor level reduction (Crawley, 2013). Data
were analyzed with R version 4.0.3 (R Core Team, 2020).

LZ0Z JequiaAoN 60 Uo Jash alwayooabolg I} Inmisul-oue|d-xen Ad 2/6Z L #9/96 7aensAydid/ee0 L 0 L/iop/eILe-aoueApe/sAyd|diwos-dno-olwapeoe;/:sdny Woly pepeojumod

61



Manuscript Il

62

Formation of O-methylflavonoids in maize

Accession numbers

Sequence data for FOMT2-W22 (MZ484743) and FOMT4-
W22 (MZ484744) can be found in the NCBI GenBank
(https:/fwww.ncbinlmnih.gov/genbank/) under the corre-
sponding identifiers. Raw reads of the RNA-seq experiment
were deposited in the NCBI SRA under the BioProject acces-
sion PRINA742147.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. MS/MS spectra of putative 5-
and 7-O-methylflavonoids.

Supplemental Figure S$2. Association mapping using
B73 x Ky21 RIL with the GLM and 80,440 SNPs.

Supplemental Figure $3. GWAS mapping reveals associa-
tion between the occurrence of genkwanin and FOMT4.

Supplemental Figure $4. Schematic chromosomal array
of FOMT2 and FOMT3 in B73 and W22.

Supplemental Figure S5. Amino acid sequence alignment
of FOMT2/3.

Supplemental Figure 56. Phylogenetic tree of maize
FOMT genes characterized in this study, closely related
maize OMT genes, and characterized FOMT genes from
other monocots and dicots.

Supplemental Figure S7. Expression of BX OMT genes in
W22 upon fungal infection.

Supplemental Figure S8. Regiospecific O-methylation and
elution patterns of FOMT2 and FOMT4 products.

Supplemental Figure S9. Fragmentation patterns of 2-
hydroxynaringenin and its O-methyl derivatives.

Supplemental Figure $10. GWAS mapping reveals associ-
ation between the occurrence of xilonenin tautomers and
FOMT2/3.

Supplemental Figure 511. Amino acid sequence align-
ment of Poaceae F2Hs belonging to the CYP93G subfamily.

Supplemental Figure $12. Enzymatic activity of CYP93G
family members similar to F2H1 (CYP93G5) with naringenin
or eriodictyol.

Supplemental Figure $13. NMR chemical shift data of
xilonenin tautomers (in MeOH-d;).

Supplemental Figure $14. The two xilonenin tautomers
exhibit different UV absorption,

Supplemental Figure $15. De novo production of flavo-
noids in different maize lines after fungal infection.

Supplemental Figure $16. Visible signs of infection on
hybrid maize after inoculation with different pathogenic
fungi.

Supplemental Figure S17. Large-scale transcriptomic and
metabolomic changes upon SLB infection.

Supplemental Figure S18. Expression of the BX biosyn-
thetic pathway during fungal infection.

Supplemental Figure $19. RT-qPCR validation of flavo-
noid and BX pathway gene expression results in noninfected
and fungus-infected W22 leaves.

Supplemental Figure $20. Antifungal activity of naringe-
nin and 5-0-methylnaringenin.
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Supplemental Figure $21. Antifungal activity of apigenin
and 5-O-methylapigenin.

Supplemental Figure 5$22. Codon-optimized gene
sequences of FOMT3-B73 and FOMTS5-B73 synthesized for
expression in E. coli.

Supplemental Figure $23. Codon-optimized gene
sequences of CYP93G candidates synthesized for expression
in S. cerevisiae.

Supplemental Table $1. P-values of t test analysis to de-
termine statistical significant differences of flavonoid content
between treatments obtained by the LC-MS measurements
shown in Supplemental Figure 1B.

Supplemental Table S2. Expression of maize genes puta-
tively involved in the phenylpropanoid pathway, flavonoid
pathway, BX pathway or terpenoid biosynthesis.

Supplemental Table $3. MaizeGDB/CenBank accessions
and references corresponding to Figure 2D and
Supplemental Figure S6.

Supplemental Table S4. NMR structure elucidation of 5-/
7-O-methyl and 5,7-O-dimethylflavonoids.

Supplemental Table S5. Product formation of maize
OMTSs with different substrates.

Supplemental Table $6. GenBank accessions and referen-
ces corresponding to Figure 4B.

Supplemental Table $7. Quantification of flavonoids in
leaf tissue of different maize inbred lines after infection with
B. maydis.

Supplemental Table $8. Quantification of O-methylflavo-
noids in leaf tissue of different maize inbred lines after infec-
tion with B. maydis.

Supplemental Table $9. Statistical values for the analysis
of the amount of non-O-methylated- and O-methylated fla-
vanoids in different maize lines according to treatment, du-
ration of treatment (day), and the interaction between
treatment and its duration correspending to the experi-
ments shown in Figure 5A and Supplemental Figure S15.

Supplemental Table $10. Quantification of flavonoids
and O-methylflavonoids in leaf tissue of hybrid maize
(“Sweet Nugget”) after treatment with different pathogenic
fungi and CHT.

Supplemental Table S11. Relative quantification of BXs
in leaf tissue of different maize inbred lines after infection
with B. maydis.

Supplemental Table §12. MS settings used for the analy-
sis on the timsTOF mass spectrometer.

Supplemental Table $13. MS settings used for the analy-
sis on the QTRAP 6500 + .

Supplemental Table S14. Mass analyzer settings used for
the analysis of flavonoids and additional phenylpropanoids
on the QTRAP 6500 +.

Supplemental Table $15. Mass analyzer settings used for
the analysis of flavonoid glycosides on the QTRAP 6500 +.

Supplemental Table S$16. Mass analyzer settings used for
the analysis of BXs on the QTRAP 6500 +.

Supplemental Table §17. Authentic standards used for
identification and quantification.
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Supplemental Table S18. Maize mapping lines used for
GWASs in the Goodman diversity panel and Quantitative
Trait Loci mapping in NAM subpopulation B73 x Ky21.

Supplemental Table $19. RT-qPCR primers.

Supplemental Table $20. PCR primers for the amplifica-
tion of full-length open reading frames of investigated
FOMTs and CYP93Gs.

Supplemental Data Set $1. Complete RNA-seq data set
derived from damaged and water-treated control leaves
(DAM) and damaged and B. maydis-infected leaves (SLB) of
W22 after 4d of treatment (n = 4).

Supplemental Data Set S2. NMR spectra.
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Abstract

O-Methylated benzoxazinoids (BXs) and flavonoids are widespread defenses against
herbivores and pathogens in the grasses (Poaceae). Recently, two flavonoid
O-methyltransferases (FOMTs), ZmFOMT2 and ZmFOMT3, have been reported to produce
phytoalexins in maize (Zea mays). ZmFOMT2 and ZmFOMT3 are closely related to the BX
O-methyltransferases (OMTs) ZmBX10-12 and ZmBX14, suggesting a common
evolutionary origin in the Poaceae. Here, we studied the evolution and enzymatic
requirements of flavonoid and BX O-methylation activities in more detail. Using BLAST
searches and phylogenetic analyses, we identified enzymes homologous to ZmFOMT2 and
ZMmFOMT3, ZmBX10-12, and ZmBX14 in several grasses, with the most closely related
candidates found almost exclusively in species of the Panicoideae subfamily. Biochemical
characterization of candidate enzymes from sorghum (Sorghum bicolor), sugar cane
(Saccharum spp.), and teosinte (Zea nicaraguensis) revealed either flavonoid
5-O-methylation activity or DIMBOA-GIc 4-O-methylation activity. However, the DIMBOA-
Glc 4-OMTs from maize and teosinte also accepted flavonols as substrates and converted
them to 3-O-methylated derivatives, suggesting an evolutionary relationship between these
two activities. Homology modelling, sequence comparisons, and site-directed mutagenesis
led to the identification of active site residues crucial for FOMT and BX OMT activity.
However, a full conversion of ZmFOMT2 activity into BX OMT activity by switching these
residues was not successful. Only trace O-methylation of BXs was observed, indicating that
amino acids outside the active site cavity are also involved in determining the different
substrate specificities. Altogether, our study suggests that BX OMTs have evolved from the
ubiquitous FOMTs in the PACMAD clade of the grasses through a complex series of amino

acid changes.

Key words

O-methyltransferase, benzoxazinoid, 5-O-methylflavonoid, isokaempferide, DIMBOA-Gilc,
FOMT2, BX10, Zea mays, Poaceae
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Introduction

O-Methylation of plant specialized metabolites is a widespread biochemical transformation
that creates structural diversity and forms products with modified chemical properties that
help plants cope with different biotic and abiotic stresses. This tailoring reaction is catalyzed
by S-adenosyl-L-methionine (SAM)-dependent O-methyltransferases (OMTs), which
transfer the methyl group of the co-substrate SAM to a hydroxyl moiety of various acceptor
molecules. The methyl ether derivatives produced often exhibit reduced reactivity of
hydroxyl groups and altered solubility, which in turn affects their biological activity, stability,
intracellular localization, and metabolic fate [1, 2]. O-Methylated specialized metabolites
can fulfill important roles in plant defense acting, for example, as lignin precursors or as
induced antimicrobial compounds [3, 4].

Plant OMTs have been classified into three major groups, based on phylogenetic analysis,
conserved amino acid sequence features, protein structures, and substrate specificities: the
caffeic acid OMTs (COMTSs), caffeoyl-CoA OMTs (CCoAOMTSs), and carboxylic acid OMTs
[5-7]. The latter share only marginal sequence similarities with the other classes of OMTs
and are involved, for instance, in the methylation of various organic acids such as salicylic
acid, jasmonic acid, or indole-3-acetic acid [8]. CCoOAOMTs are bivalent cation-dependent
enzymes that mainly methylate coenzyme A (CoA) esters of phenylpropanoids to lignin
precursors. All remaining plant OMTs belong to the large COMT class, which accepts a
variety of different substrates, including phenylpropanoids, flavonoids, alkaloids, and
coumarins. COMTs are larger (40-43 kDa) then CCoAOMTs (26-30 kDa) and do not require
bivalent cations for activity [6, 9]. The majority of plant OMTs show remarkable substrate
specificity as well as regiospecificity for certain hydroxyl groups [2]. However,
multifunctional enzymes that are able to utilize structurally related compounds [10, 11] or
exhibit non-selective positional activity [12-14] have also been described. In some cases,
substrate specificity or regiospecificity has been associated with a single amino acid change
[15, 16].

In the grasses (Poaceae), OMTs are involved, among other processes, in the biosynthesis
of two important classes of defense compounds: flavonoids and benzoxazinoids (BXs).
Flavonoids and their O-methyl derivatives are ubiquitously distributed in the plant kingdom
and constitute one of the largest groups of plant natural products [17, 18]. The flavonoid
core structure is derived from the acetate and phenylpropanoid pathways and can
subsequently undergo numerous modifications [19], including O-methylation by flavonoid

OMTs (FOMTs). O-methylated flavonoids have been described as potent antimicrobial
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phytoalexins. For example, sakuranetin (7-O-methylnaringenin), produced by the FOMT
OsNOMT in rice (Oryza sativa) leaves upon fungal infection or abiotic stress inhibits the
growth of rice blast fungus (Pyricularia oryzae) in vivo and shows antifungal activity in vitro
[20-24]. Similarly, pathogen-induced formation of O-methylflavonoids was also detected in
other grasses such as sorghum (Sorghum bicolor), maize (Zea mays), and barley (Hordeum
vulgare) [25-27]. Recently, we characterized four FOMTs from maize, ZmFOMT2 and
ZmFOMT3, ZmFOMT4, and ZmFOMTS5, that methylate the hydroxyl groups of various
flavonoids regiospecifically at positions 5, 7, and 6 of the A ring, respectively, and are
involved in the fungus-induced formation of complex O-methylflavonoid mixtures [28].
Unlike flavonoids, BXs are mostly restricted to the grass family and a few dicotyledonous
species [29, 30]. The BX biosynthetic pathway branches off from tryptophan biosynthesis
and has been elucidated in maize [29, 31, 32]. The O-methylated BXs usually show higher
activity then their non- or less O-methylated precursors. 2-Hydroxy-4,7-dimethoxy-1,4-
benzoxazin-3-one glucoside (HDMBOA-GIc), for example, was demonstrated to be more
effective in deterring and reducing the growth of chewing herbivores [33, 34] and also more
toxic to phloem-feeding aphids compared to its precursor 2,4-dihydroxy-7-methoxy-1,4-
benzoxazin-3-one glucoside (DIMBOA-GIc) [31, 35]. The conversion of DIMBOA-GIc to
HDMBOA-GIc is induced upon herbivory, fungal infection, or elicitor treatment in maize and
other grasses [33, 36-38], and four OMTs ZmBX10, ZmBX11, ZmBX12 and ZmBX14 have
been described to catalyze this reaction in maize [31, 32]. Notably, DIMBOA-GIc 4-OMT
activity was also found in wheat; however, the corresponding enzyme TaBX10 is not related
to ZmBX10-12 and ZmBX14, indicating an independent evolution of DIMBOA-Glc 4-OMT
activity in maize and wheat [39]. Despite extensive knowledge on the biosynthesis and
biological activity of O-methylated BXs, the evolutionary origin of the OMTs producing them
remains unclear [40].

In this study, we investigated the evolution of DIMBOA-GIc 4-OMTs in maize. Because the
recently identified flavonoid 5-OMTs ZmFOMT2 and ZmFOMT3 are closely related to
ZmBX10-12 and ZmBX14 [28], we hypothesized that the DIMBOA-GIc 4-OMT activity
evolved from FOMT activity in the PACMAD clade of the grasses, one of the two major
clades of the Poaceae, named after the subfamilies Panicoideae, Aristidoideae,
Chloridoideae, Micrairoideae, Arundinoideae, and Danthonioideae [41]. To investigate this
evolutionary scenario, we performed phylogenetic analyses to identify ZmFOMT2 homologs
in several Poaceae species, followed by in vitro enzyme characterization. In addition,

comparative sequence analyses, homology modelling, and in vitro mutagenesis allowed us
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to examine amino acid residues involved in the catalysis of flavonoid 5-OMTs and DIMBOA-
Glc 4-OMTs. Our results suggest that DIMBOA-GIc OMTs evolved from FOMTs in the
PACMAD clade of the grasses and that this change in activity was due to a complex series

of amino acid mutations.

Results

Close homologs of the flavonoid 5-OMT ZmFOMT2 are restricted to the Panicoideae
subfamily

To identify ZmFOMT2 homologs in the Poaceae family, we performed comprehensive
BLAST and phylogenetic analyses including almost all the Poaceae genomes available in
the Phytozome 13 and NCBI databases (Figures 1 and S1). The resulting phylogenetic tree
showed that the closely related maize DIMBOA-GIc 4-OMT genes ZmBX10-12 and
ZmBX14, the flavonoid 5-OMT genes ZmFOMT?2 and ZmFOMT3, and the flavonoid 6-OMT
gene ZmFOMTS clustered together with putative COMT genes from several other species
in a well-defined subclade we designated as the “PACMAD-specific FOMT2-BX10 clade”.
This subclade is depicted in Figure 1, and the entire tree is shown in Figure S1. The FOMT2-
BX10 subclade consists entirely of genes from species belonging to the Panicoideae and
Chloridoideae within the major PACMAD grass clade, with a clear preponderance of
Panicoideae genes (Figure 1). To select the most relevant candidate genes, we subdivided
this subtree and focused only on its upper part (hereafter referred to as the “FOMT2-like
group”), which contains COMTs with 60-87% amino acid sequence identity to ZmFOMT2.
The previously characterized wheat DIMBOA-GIc 4-OMT gene TaBX10 [39], on the other
hand, clustered in a clearly separated subclade, the “BOP-specific BX10 clade”; Figure S1)
named for the subfamilies Bambusoideae, Oryzoideae and Pooideae [41].

ZmFOMT2 homologs have DIMBOA-GIc 4-OMT or flavonoid 5-OMT activity

Six putative COMT genes that clustered in different subclades of the FOMT2-like group
(Figure 1) were chosen for biochemical characterization. The complete open reading frames
(ORFs) of ShGCZX01092226 (from a Saccharum hybrid), Sb001G354400 (from Sorghum
bicolor), ZnGBZQ01077209 (ZnGBZQ, from Zea nicaraguensis, teosinte),
ZnGCAA01001611, Pvag01G329400 (Pvag9400, from Paspalum vaginatum), and
PvirONG562300 (from Panicum virgatum), were either amplified from cDNA and cloned or
synthesized. Because the cloned ORF of PvirONG562300 had only 98% amino sequence

identity with its respective database sequence, it was designated Pvir2300-like.
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Figure 1. Phylogenetic analysis of putative FOMT and BX OMT genes similar to ZmFOMT2 in
diverse species of the Poaceae. The tree represents a subtree (“PACMAD-specific FOMT2-BX10
clade”) of a larger tree given in Figure S1. The tree was inferred using the maximum likelihood
method based on the General Time Reversible model, including gamma distributed rate variation
among sites (+G, 1.2811). Bootstrap values (n = 1000) are shown next to each node. The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site. All positions
with < 80% site coverage were eliminated. ZmBX7 (Zm00001d049179) and TaBX10
(4AL_C467B516F) were used as an outgroup for rooting. OMTs investigated in this study are
highlighted in bold blue text, and previously characterized genes are shown in bold black text. Genes
marked with (*) belong to the Chloridoideae subfamily, all other genes belong to the Panicoideae
subfamily. Species abbreviations: Do, Dichanthelium oligosanthes; Ec, Eleusine coracana; MI,
Miscanthus lutarioriparius; Ms, Miscanthus sinensis; Ot, Oropetium thomaeum; Pm, Panicum
miliaceum; Pvir, Panicum virgatum; Pvag, Paspalum vaginatum; Sh, Saccharum hybrid; Sb,
Sorghum bicolor; SbRio, Sorghum bicolor Rio; Sv, Setaria viridis; Ta, Triticum aestivum; Uf, Urochloa

fusca; Zm, Zea mays; Zn, Zea nicaraguensis.
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ZnGCAA01001611, ShGCZX01092226, and Sb001G354400 were designated ZnBX10,
ShFOMTZ2, and SbFOMT2, respectively, according to their in vitro activity described below.

To test for enzymatic activity, all genes were heterologously expressed in Escherichia coli
and the purified His-tagged proteins were incubated with DIMBOA-GIc or different
flavonoids as potential substrates in the presence of the cosubstrate SAM. Product
formation was analyzed using liquid chromatography-tandem mass spectrometry
(LC-MS/MS). The previously characterized flavonoid 5-OMT ZmFOMT2 and DIMBOA-GIc
4-OMTs ZmBX12 and ZmBX14 served as positive controls. Besides ZmBX14 and ZmBX12,
ZnBX10 also converted DIMBOA-GIc to HDMBOA-GIc (Figure 2A, Table S1), while no
product peak was observed in the empty vector (EV) control. However, DIMBOA-GIc was
not accepted as a substrate by ZnGBZQ, the second enzyme from teosinte studied, or any

other of the putative COMTs in the FOMT2-like group (Figure 2A, Table S1).
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Figure 2. Activity of enzymes in the FOMT2-like group. The purified recombinant enzymes as
well as an empty vector control (EV) were incubated with the potential substrates DIMBOA-Glc (A)
and kaempferol (B) in the presence of the cosubstrate S-adenosyl-L-methionine (SAM). Reaction
products were analyzed by LC-MS/MS. Chromatograms of specific MRM transitions (see methods
section) are shown. In the upper part, the structures of the enzymatic products are shown with the
attached methyl groups highlighted in purple (HDMBOA-GiIc), red (5-O-methylkaempferol), and blue
(isokaempferide), respectively. All assays were performed in technical triplicates. Abbreviations: Me,

methyl; cps, counts per second.
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Assays with various flavonoids including naringenin, 2-hydroxynaringenin, apigenin,
scutellarein, dihydrokaempferol, kaempferol, and quercetin revealed flavonoid 5-OMT
activity for ZmFOMT2, ShFOMT2, and SbFOMT2 (Figures 2B and S2; Table S1). However,
compared to ZmFOMTZ2, the flavonoid O-methylation activities of ShFOMT2 and SbFOMT2
were rather low, ranging from 0.9 to 2.9% and 0.3 to 17.2% of the product formation rate of
ZmFOMT2, respectively (Table S1). With 2-hydroxynaringenin as substrate, ShFOMT2 and
SbFOMT2 showed higher product formation rates for the mono-O-methylated product but
not for the di-O-methylated derivative xilonenin (Figure S2, Table S1). Pvag9400 showed
trace 5-OMT activity with flavonoid substrates, while ZnGBZQ and Pv2300-like were not
active at all (Table S1). Enzyme assays were also analyzed using untargeted LC-MS;
however, no detectable activities were observed for any of the tested COMTs at other
positions of the flavonoid skeleton.

The DIMBOA-GIc 4-OMTs ZmBX10-12 and ZnBX10 also possess flavonoid 3-OMT
activity with flavonols

In a previous study, we showed that ZmBX10-12 and ZmBX14 exhibited nonspecific trace
activity with various flavonoids such as naringenin, apigenin, and scutellarein [28]. However,
when the flavonol kaempferol, which, in contrast to the above-mentioned flavonoids,
contains an additional hydroxyl group at position 3 of the C ring, was tested as a substrate,
ZmBX10-12 and ZnBX10 produced substantial amounts of the 3-O-methylated derivative
isokaempferide (Figures 2B and S2; Table S1), while ZmFOMT2 and SbFOMT2 produced
only trace amounts of this compound (Table S1). Notably, the catalytic efficiency of the BX
OMTs towards kaempferol followed the same order as shown for DIMBOA-Gilc [28, 31], with
ZmBX12 as most active OMT, followed by ZmBX10, ZmBX11, and ZmBX14 (Figure S2).
The flavonoid 6-OMT ZmFOMT5 [28] also accepted kaempferol as a substrate and
produced minor amounts of isokaempferide (Figure S2). Untargeted LC-MS measurements
with accurate mass determination showed that ZmBX12 and ZnBX10 were also active with
quercetin, a flavonol similar to kaempferol, and both the MS/MS fragmentation pattern and

the LC elution order indicated methylation at the 3-hydroxyl group of the C ring (Figure S3).

Identification of active site residues determining the substrate specificities and
activities of flavonoid 5-OMTs and DIMBOA-Glc 4-OMTs

To identify amino acid residues that determine flavonoid 5-OMT and DIMBOA-GIc 4-OMT
activity, respectively, we conducted homology modelling of ZmFOMT2 and amino acid

sequence comparisons among all enzymes in the FOMT2-like group (Figure 3).
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Figure 3. Structural model of ZmFOMT2 and alignment-based identification of putative active
site residues. (A) Homology model of the biological homodimer of ZmFOMT2 (chain A: blue; chain
B: gold) based on the template isoflavone 4‘-OMT from Medicago truncatula (MtHI4OMT; PDB-ID:
1Z2G3). Labels correspond to the monomer colored in blue. A close-up view of the putative active site
is shown in (B), representing the 6 A area around naringenin, docked in as a model flavonoid
substrate. Amino acid residues (carbon atoms) are colorcoded, with the catalytic triad in green, SAM
binding residues in orange, naringenin in grey, and all other protein carbon atoms in blue (chain A)
and gold (chain B). Oxygen atoms are red, nitrogen atoms are blue, and sulfur atoms are yellow.
Mutation sites are labeled in dark grey. (C) Alignment of putative active site residues that differ
between all ZmFOMT2-like FOMTs (grey boxes) and BX OMTs, respectively. The amino acid
sequence sections are cut from the complete alignment given in Figure S5. Identical amino acids are
shaded in black and similar amino acids in grey.
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The crystal structure of an isoflavone 4’-OMT (MtHI4OMT) from Medicago truncatula [42],
which shares 39% amino acid sequence identity with ZmFOMTZ2, was used as template for
the construction of the ZmFOMT2 model (Figures 3A and S4). Docking of naringenin into
the substrate binding pocket of ZmFOMT2 revealed 37 amino acids that were located at a
distance of < 6 A around the docked substrate (Figure 3B, Table S2). Nine of these residues
differed between all functional flavonoid 5-OMTs and DIMBOA-GIc 4-OMTs (Figures 3C
and S5) and were therefore further analyzed by replacing them in ZmFOMT2 with the
corresponding residues of ZmBX10. To reduce the number of mutants to be generated,
nearby residues were combined in a single mutation step, resulting in three different double

mutations and three single mutations (Figure 3C).

When fed with naringenin or kaempferol as substrate, the double mutant ZmFOMT2
W16L+Q18H, the triple mutant ZmFOMT2 W16L+Q18H+M303V, and the quadruple mutant
ZmFOMT2 W16L+Q18H+1325M+T327A still showed flavonoid 5-OMT activity; however,
with a successive decrease in activity compared to the wild type ZmFOMT2 enzyme (Figure
4). At the same time, a successively increased production of isokaempferide from
kaempferol was observed (Figure 4). The introduction of two further mutations
(A358D+L359V) into the quadruple mutant ZmMFOMT2 W16L+Q18H+I325M+T327A almost
completely abolished any enzymatic activity, and the simultaneous mutation of all nine
residues also led to an inactive protein (Figure 4). Notably, none of the tested mutants was
able to accept DIMBOA-GIc as substrate in our standard assay. However, when using
2.5-fold greater amounts of both the purified recombinant enzymes and DIMBOA-GlIc, and
a 5-fold greater amount of SAM, the triple mutant ZmFOMT2 W16L+Q18H+M303V and the
quadruple mutant ZmFOMT2 W16L+Q18H+I325M+T327A produced small amounts of
HDMBOA-GIc, while neither the EV control nor ZmFOMT2 showed any DIMBOA-GIc
4-OMT activity (Figure S6).
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Figure 4. Enzymatic activity of ZmFOMT2 mutants with flavonoids. The purified recombinant
enzymes as well as an empty vector control (EV) were incubated with the substrates naringenin or
kaempferol in the presence of the cosubstrate SAM. Reaction products (5-O-methylnaringenin, 5-O-
methylkaempferol, and isokaempferide) were analyzed by LC-MS/MS. Product formation is shown
in bar charts (mean area £ SE (n = 3)). Abbreviations: Me, methyl; nd, not detected.

Discussion

O-methylated flavonoids and BXs are important anti-pathogen and anti-herbivore defense
compounds widespread in the grasses [22, 33, 37, 39]. Recently, we identified two flavonoid
5-OMTs in maize, ZmFOMT2 and ZmFOMT3, and showed that they are closely related to
the DIMBOA-GIc 4-OMTs ZmBX10-12 and ZmBX14, indicating a common OMT ancestor
in the grasses [28]. To investigate the evolution of these enzymes in more detail, we
characterized OMTs homologous to ZmFOMT2 from several other grass species. Our
studies support the hypothesis that maize and teosinte DIMBOA-GIc 4-OMTs originated
from FOMTs in the PACMAD clade. In addition, we identified amino acid residues in the
active site of ZmFOMT2 that, when mutated to the corresponding residues of ZmBX10-12,
altered the regiospecificity and catalytic activity of the enzyme.

The recently discovered DIMBOA-GIc 4-OMT gene TaBX10 in wheat was shown not to be
orthologous to ZmBX10-12 and ZmBX14 in maize. Therefore, DIMBOA-GIc 4-OMT activity
is thought to have evolved independently in maize and wheat [39]. Our phylogenetic
analyses, encompassing a larger set of Poaceae species, are consistent with this finding,
as close homologs of ZmFOMT2, ZmBX10-12, and ZmBX14 were found exclusively in the
PACMAD clade, with the majority of genes belonging to the Panicoideae subfamily
(PACMAD-specific FOMT2-BX10 clade; Figures 1 and S1). Biochemical characterization of
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selected candidate enzymes revealed good agreement between grouping within this
subclade and actual OMT activity (Figures 2 and S2; Table S1). While ShFOMT2 and
SbFOMT2 clustered with ZmFOMT2 and exhibited flavonoid 5-OMT activity, ZnBX10
clustered with ZmBX10-12 and ZmBX14 and showed DIMBOA-GIc 4-OMT activity. In
contrast, Pvag01G329400 and Pvir2300-like clustered in smaller and more basal subclades
of the phylogenetic tree and showed negligible or no flavonoid 5-OMT activity (Figures 1, 2,
and S2; Table S1). However, whether these two enzymes accept other phenylpropanoids
as substrates remains to be determined. Notably, DIMBOA-GIc 4-OMTs could only be
identified in maize and its wild relative teosinte and not in the other species investigated,
which is consistent with the distribution of BXs in these grasses [30]. Overall, our findings
suggest that flavonoid 5-OMT activity is more widespread than DIMBOA-Glc 4-OMT activity,
at least in the Panicoideae, and that DIMBOA-GIc 4-OMTs evolved from a flavonoid 5-OMT
ancestor. Whether the wheat DIMBOA-GIc 4-OMT TaBX10 also evolved from an FOMT
ancestor enzyme is still unclear. Thus, further studies are necessary to understand how
these important plant defense genes have evolved independently in the grasses.

COMTs are known to generally catalyze the O-methylation of a variety of structurally diverse
substrates; however, closely related COMTs often use structurally similar substrates [6].
BXs and flavonoids indeed share a similar basic chemical skeleton consisting of three
six-membered rings, with the central ring being a heterocycle (Figure 2). Our results showed
that the DIMBOA-GIc 4-OMTs, ZmBX10-12 and ZnBX10, are able to O-methylate the
flavonols kaempferol and quercetin at position 3 of the C ring, which is close to position 4
in BXs (Figures 2, S2, and S3; Table S1). This indicates a similar orientation and binding
mode for DIMBOA-GIc and flavonoid substrates in the active sites of these enzymes.
Previous publications showed that the substrate preference, regiospecificity, and overall
activity of FOMTs can be altered by a few amino acid mutations in the substrate binding
pocket [16, 43, 44]. Using homology modelling and amino acid sequence comparisons, we
identified nine putative active site residues that differ between flavonoid 5- and DIMBOA-
Glc 4-OMTs (Figures 3, S4, and S5). Unexpectedly, the replacement of some of these
residues in ZmFOMT2 with the corresponding residues of ZmBX10 gave only a very weak
BX OMT activity, whereas the complete replacement of these residues resulted in an
inactive enzyme. It thus appears that additional mutations are required for the switch from
flavonoid 5-OMT to DIMBOA-GIc 4-OMT activity. Indeed, studies on terpene synthases
from tobacco and maize have shown that amino acid residues near but not in the active site

can also play a role in determining catalytic specificities [45, 46].
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Interestingly, the stepwise and additive mutation of the nine identified active site residues
in ZmFOMT2 led to mutants with altered catalytic efficiencies and substrate
regiospecificities for flavonoids. While wild type ZmFOMT2 was highly regiospecific for
position 5 on the A ring of flavonoids, even when using flavonols such as kaempferol or
quercetin as substrates, the double mutant ZmFOMT2 W16L+Q18H showed flavonol
3-OMT activity at the expense of flavonoid 5-OMT activity (Figure 4). This effect was even
stronger in the triple mutant ZmFOMT2 W16L+Q18H+M303V and the quadruple mutant
ZMFOMT2 W16L+Q18H+I325M+T327A. Moreover, the triple mutant ZmFOMT2
W16L+Q18H+M303V and the quadruple mutant ZmFOMT2 W16L+Q18H+I325M+T327A
both produced trace amounts of HDMBOA-GIc (Figure S6), indicating that the identified
active site residues are involved in substrate binding and positioning. Previous studies
[28, 31] and the biochemical data presented here show that the DIMBOA-Glc 4-OMTs and
the flavonoid 5-OMTs exhibit different catalytic efficiencies despite generally comparable
enzymatic functionality (Figures 2, S2, and S3; Table S1). All together, our study suggests
that the evolution of DIMBOA-GIc 4-OMTs involved complex mutations that not only altered
substrate specificity, but also fine-tuned catalytic efficiency. Follow-up studies based on
structural data from a plant OMT more closely related to ZmFOMT2 are needed to unravel
the enzymatic requirements for the substrate specificity of flavonoid 5-OMT and DIMBOA-
Glc 4-OMT in more detail.

Materials and Methods

Plants and growth conditions

Seeds of Sorghum bicolor (L.) Moench subsp. Bicolor race Bicolor 'Lisorax’ and Panicum
virgatum L. were provided by the Leibniz-Institut fur Pflanzengenetik und
Kulturpflanzenforschung (IPK, Gatersleben, Germany). Plants were potted in soil (mix of 70
L Tonsubstrat with 200 L Kultursubstrat TS 1, Klasmann-Deilmann, Geeste, Germany) and

grown in the greenhouse for two weeks.

RNA and cDNA preparation

Total RNA was extracted from approximately 50 mg frozen plant powder using the InviTrap
Spin Plant RNA Kit (Stratec) according to the manufacturer’'s instructions. The RNA
concentration and purity was assessed with a spectrophotometer (NanoDrop 2000c,

Thermo Fisher Scientific). RNA (1 ug) was treated with DNasel (Thermo Fisher Scientific),
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followed by cDNA synthesis using SuperScript Il reverse transcriptase and oligo (dT)2o

primers (Invitrogen) according to the manufacturer’s instructions.

Gene Synthesis

The complete ORFs of ShGCZX01092226 (ShFOMT2), ZnGBZQ01077209,
ZnGCAA01001611 (ZnBX10), and Pvag01G329400 were synthesized after codon
optimization for heterologous expression in E. coli and subcloned into the expression vector
pET100/D-TOPO using the GeneArt gene synthesis and express cloning service (Thermo

Fisher Scientific) (for sequences, see Figure S7).

Site-directed mutagenesis

For in vitro mutagenesis, 10-50 ng pET100/D-TOPO vector harboring the ZmFOMT2 ORF
was used as template for 18 cycles of mutagenesis PCR using the Q5 High-Fidelity DNA
Polymerase (New England Biolabs) and the primers listed in Table S3. The primers used
contained the desired mutations and the pairs were either designed completely overlapping
or with only partially overlapping sequences, the latter allowing enhanced amplification
efficiency from a smaller amount of plasmid template [47]. After PCR amplification, the
plasmid template was digested with Dpnl. The mutagenized PCR product was purified using
the QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s instructions and
transferred into E. coli 10-beta cells (New England Biolabs) for recovery and amplification.

All mutagenized plasmids were fully sequenced.

Cloning and heterologous expression of OMT genes in E. coli

The full-length ORFs of Sb001G354400 (SbFOMT?2) and PvirANG562300 (Pvir2300-like)
were amplified from cDNA derived from young leaves of S. bicolor and P. virgatum,
respectively, with the primer pairs listed in Table S3. The resulting PCR products were
cloned into the expression vector pET100/D-TOPO (Invitrogen) or pASK-IBA37plus (IBA
Lifesciences) and fully sequenced. ZmFOMT2 (W22; GenBank accession: MZ484743) was
provided as a pET100/D-TOPO construct, while ZmBX10 (B73), ZmBX11 (B73), ZmBX12
(CML322), ZmBX14 (B73), and E. coli codon-optimized ZmFOMTS were available as
pASK-IBA37plus constructs from our previous studies [28, 31, 32]. All OMTs were
heterologously expressed in the E. coli strain BL21 (DE3) (Invitrogen) as previously
described [28]. Liquid cultures were grown in lysogeny broth at 37°C and 220 rpm, induced
at an ODego of 0.8 with a final concentration of 1 mM IPTG (pET100/D-TOPO) or 200 pg/L
anhydrotetracycline (pASK-IBA37plus), and subsequently incubated at 18°C and 220 rpm
for 15 h. The cells were harvested by centrifugation (5000 g, 4°C, 10 min), resuspended in
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refrigerated extraction buffer (50 mM Tris-HCI pH 8, 500 mM NaCl, 20 mM imidazole,
10% (v/v) glycerol, 1% (v/v) Tween20, and 25 U/mL freshly added Benzonase Nuclease
(Merck)) and disrupted by sonication (4 x 20 s; Bandelin UW 2070). Afterwards, cell debris
were removed by centrifugation (16,000 g, 4°C, 20 min) and the N-terminal His-tagged
proteins were purified from the supernatant using HisPur Cobalt Spin Columns (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Tris-HCI buffer (pH 8, without
Tween20; see above) containing either 20 mM or 250 mM imidazole was used for
equilibration/washing and elution steps, respectively. The purified proteins were desalted
by gel filtration using illustra NAP Columns (GE Healthcare) and eluted in assay buffer
(50 mM Tris-HCI pH 7, 10% (v/v) glycerol). Alternatively, Amicon Ultra-0.5 centrifugal filter
devices (Merck) were used for concentration and desalting of the His-purified proteins.
Protein concentrations were determined by the Bradford method using Quick Start™
Bradford 1x Dye Reagent (Bio-Rad Laboratories) and pre-diluted BSA protein standards
(Thermo Scientific) in a 96-well microtiter plate. The measurements were performed on a
Tecan infinite 200 microplate reader (Tecan) using Magellan software (Tecan) for

instrument control and data analysis.

In vitro enzyme assays

To test OMT activities, assays were conducted as previously described [28]. Briefly, the
100 pL assay mixtures contained 500 uM dithiothreitol (DTT), 100 uM of the cosubstrate
S-adenosyl-L-methionine (SAM), 20 pyM of the substrate (DIMBOA-GIc or various
flavonoids), and 0.8 ug purified recombinant protein in assay buffer (50 mM Tris-HCI, pH 7,
10% (v/v) glycerol). All assays were incubated for 1 h at 25°C and stopped by adding one
volume of 100% methanol. Denatured proteins were removed by centrifugation (4000 g,

5 min) and product formation was monitored by the analytical methods described below.

Liquid chromatography mass spectrometry (LC-MS) analysis of BXs and flavonoids

in enzyme assays

Targeted LC-MS/MS analysis

The analysis of BXs and flavonoids was performed as described previously in Forster et al.
(2021). Briefly, an Agilent 1260 Infinity Il LC system (Agilent Technologies) coupled to a
QTRAP 6500+ tandem mass spectrometer (Sciex) was used for the analysis.
Chromatographic separation was achieved on a ZORBAX Eclipse XDB-C18 column
(50 x 4.6 mm, 1.8 um; Agilent Technologies) using a 1.1 mL/min flow rate. Aqueous formic

acid (0.05% (v/v)) and acetonitrile were used as mobile phases A and B, respectively. The
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following gradients were used: BXs: 0 to 0.5 min, 5% B; 0.5 to 6.0 min, 5 to 32.5% B; 6.02
to 7.0 min, 100% B; 7.10 to 9.5 min, 5% B; flavonoids: 0 to 0.5 min, 10% B; 0.5 to 8.0 min,
10 to 55% B; 8.5 10 9.0 min, 100% B; 9.02 to 11 min, 10% B. The column temperature was
maintained at 20°C. The injection volume was 4 pL for enzyme assays with DIMBOA-Glc
as substrate and 1 uL for enzyme assays with flavonoid substrates. The mass spectrometer
was equipped with a turbospray ESI ion source, operated in negative or positive ionization
mode, for the analysis of BXs and flavonoids, respectively (detailed parameters are
provided in Table S4). Multiple reaction monitoring (MRM) was used to monitor analyte
parent ion — product ion transitions as listed in Table S5. Product identities were confirmed
by authentic standards or deduced from specific enzymatic activities as described
previously in Forster et al. (2021). For data acquisition and processing, Analyst 1.6.3 (Sciex)
and MultiQuant 3.0.3 software (Sciex) were used.

Untargeted LC-MS analysis with accurate mass determination

To screen for potential unknown enzymatic products, untargeted LC-MS was used as
previously described [28]. Chromatography was performed on a Dionex UltiMate 3000 RS
pump system (Thermo Fisher Scientific) equipped with a ZORBAX RRHD Eclipse XDB-C18
column (2.1 x 100 mm, 1.8 pm; Agilent Technologies), using aqueous formic acid
(0.1% (v/v)) and acetonitrile as mobile phases A and B, respectively. The flow rate was
0.3 mL/min and the column temperature was maintained at 25°C. The elution profile was
as follows: 0 to 0.5 min, 5% B; 0.5 to 11 min, 5to 60% B; 11.1 to 12 min, 100% B; 12.1 to
15 min, 5% B. The injection volume was 4 pL. The LC system was coupled to a timsTOF
mass spectrometer (Bruker Daltonics) equipped with an ESl ion source, operated in positive
ionization mode to scan masses from nm/z 50 to 1500. The MS settings were as follows:
capillary voltage, 4500 V; drying gas (nitrogen), 8 L/min, 280°C; nebulizer gas (nitrogen),
2.8 bar. In autoMS/MS mode, alternating collision energy (20/50 eV) was applied. Internal
calibration was achieved using sodium formate adducts. Bruker otof control 6.0.115 and
HyStar 5.1.8.1 software (Bruker Daltonics) were used for data acquisition, and DataAnalysis

5.3 (Bruker Daltonics) was used for data processing.

Sequence alignment and phylogenetic analysis

OMTs were identified by BLASTP analysis with ZmFOMT2 as query and using Poaceae
protein datasets available in the Phytozome 13 (https://phytozome-next.jgi.doe.gov/; for all
data sets used, see Table S6) and NCBI (https://www.ncbi.nim.nih.gov/) databases. In

addition, a local BLAST was performed with transcriptomic data from the NCBI
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Transcriptome Shotgun Assembly (TSA, https://www.ncbi.nim.nih.gov/genbank/tsa/)
sequence database using the program BioEdit [48], and the full sequences of the resulting
hits were retrieved from the NCBI database. Only genes (ORFs) with = 80% query coverage
and a corresponding amino acid identity of = 40% were used for phylogenetic analysis. All
sequences with < 5 amino acid differences were excluded. Multiple sequence alignments
were computed using the MUSCLE codon algorithm implemented in the software MEGA7
[49]. Based on these alignments, phylogenetic trees were reconstructed with MEGA7 using
a maximum likelihood algorithm. Codon positions included were 1st+2nd+3rd+noncoding.
All positions with < 90% site coverage (Poaceae OMT phylogeny, Figure S1) or < 80% site
coverage (phylogeny of the FOMT2-BX10 clade, Figure 1) were eliminated. Ambiguous
bases were allowed at any position. To identify the best-fitting nucleotide substitution model
for each dataset, a substitution model test was performed with MEGA7 (for substitution
model used, see respective figure legends). A bootstrap resampling analysis with 1000
replicates was performed to evaluate the topology of the FOMT2-like subtree. Amino acid

sequence alignments were generated with MEGA 7 and visualized with BioEdit.

Homology modeling and molecular docking

A homology model of ZmFOMT2 was generated using the Swiss Modell server
(https://swissmodel.expasy.org/; [50]) based on isoflavone 4‘-O-methyltransferase from
M. truncatula (PDB-ID: 1ZG3; [42]). Docking of naringenin into the homology model of
ZmFOMT2 was performed using AutoDock Vina (http://vina.scripps.edu/; [51]) with the grid
box (size x/y/lz = 26 A) centered on His271 (C-2) of the catalytic triad and with the
exhaustiveness set to 8. AutoDock Tools 1.5.7 (https://ccsb.scripps.edu/mgltools/) was
used to prepare protein and ligand files for use in AutoDock Vina. Visualization was
performed with PyMOL 0.99rc6 (https://pymol.org/2/). All binding modes of naringenin in the
active site pocket (Table S2) were used in combination to represent the 6 A area shown in
Figure 3B.

Accession numbers

Sequence data for the genes amplified and cloned in this study can be found in the NCBI
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) under the following identifiers:
SbFOMT2 (XXX) and Pvir2300-like (XXX).
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Supplementary Materials: The following are available online, Figure S1: Phylogenetic tree
of Poaceae OMT genes similar to ZmFOMT2, Figure S2: Enzymatic activity of FOMT2-like
group members with different flavonoid substrates, Figure S3: BX OMTs catalyze the
3-O-methylation of flavonols, Figure S4: Amino acid sequence alignment of ZmFOMT2 and
ZmBX10 with isoflavone OMTs, Figure S5: Amino acid sequence alignment of OMTs in the
FOMT2-ike group, Figure S6: Enzymatic activity of ZmFOMT2 mutants with DIMBOA-Gilc,
Figure S7: Codon-optimized gene sequences of Poaceae OMTs synthesized for expression
in E. coli, Table S1: Enzymatic activity of Poaceae OMTs in the FOMT2-like group with
different substrates, Table S2: Resulting binding modes for docking of naringenin into the
homology model of ZmFOMT2 using AutoDock Vina (http://vina.scripps.edu/; Trott and
Olson, 2010) with the grid box (size x/y/z = 26 A) centered on His271 (C-2) base of the
catalytic triad and with the exhaustiveness set to 8, Table S3: PCR primers for the
amplification of full-length ORFs of investigated OMTs and for site-directed mutagenesis,
Table S4: MS settings used for the analysis on the QTRAP 6500+, Table S5: Mass analyzer
settings used for the analysis of BXs and flavonoids on the QTRAP 6500+, Table S6:
Phytozome 13 (https://phytozome-next.jgi.doe.gov/) data sets used and corresponding

references for the phylogenetic analysis shown in Figure 1 and Figure S1.

Author contributions: Conceptualization, T.G.K, C.F., and J.G.; investigation, C.F.;
resources, J.G.; writing—original draft preparation, C.F.; writing—review and editing, T.G.K.,
J.G., and C.F.; visualization, C.F.; supervision, T.G.K. and J.G. All authors have read and

agreed to the published version of the manuscript.

Funding: This research was funded by the Max-Planck Society and the Swiss National
Science Foundation (grant no. 160786).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary

materials.

Acknowledgments: We thank all gardeners of the Max Planck Institute for Chemical
Ecology (MPICE) for their help in growing the plants. We thank Michael Reichelt (MPICE)
for support with the analytical analyses, Bettina Raguschke (MPICE) for assistance in DNA

sequencing, and Elias Kalthoff (MPICE) for assistance in molecular biology work.

85



Manuscript Il

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

References

10.

11.

12.

13.

14.

15.

16.

17.

86

Ibrahim, R. K.; Deluca, V.; Khouri, H.; Latchinian, L.; Brisson, L.; Charest, P. M., Enzymology
and Compartmentation of Polymethylated Flavonol Glucosides in Chrysosplenium
americanum. Phytochemistry 1987, 26, (5), 1237-1245.

Ibrahim, R. K.; Bruneau, A.; Bantignies, B., Plant O-methyltransferases: molecular analysis,
common signature and classification. Plant Mol Biol 1998, 36, (1), 1-10.

Dixon, R. A.; Paiva, N. L., Stress-Induced Phenylpropanoid Metabolism. Plant Cell 1995, 7,
(7), 1085-1097.

Hammerschmidt, R., Phytoalexins: What Have we Learned After 60 Years? Annu Rev
Phytopathol 1999, 37, 285-306.

Joshi, C. P.; Chiang, V. L., Conserved sequence motifs in plant S-adenosyl-L-methionine-
dependent methyltransferases. Plant Mol Biol 1998, 37, (4), 663-674.

Lam, K. C.; Ibrahim, R. K.; Behdad, B.; Dayanandan, S., Structure, function, and evolution of
plant O-methyltransferases. Genome 2007, 50, (11), 1001-1013.

Noel, J. P.; Dixon, R. A.; Pichersky, E.; Zubieta, C.; Ferrer, J. L., Structural, functional, and
evolutionary basis for methylation of plant small molecules. In Recent Adv Phytochem,
Romeo, J. T., Ed. Elsevier: 2003; Vol. 37, pp 37-58.

Qu, L. J.; Li, S. A; Xing, S. F., Methylation of phytohormones by the SABATH
methyltransferases. Chinese Sci Bull 2010, 55, (21), 2211-2218.

Kim, B. G.; Sung, S. H.; Chong, Y.; Lim, Y.; Ahn, J. H., Plant Flavonoid O-Methyltransferases:
Substrate Specificity and Application. J Plant Biol 2010, 53, (5), 321-329.

Gauthier, A.; Gulick, P. J.; Ibrahim, R. K., Characterization of Two cDNA Clones Which Encode
O-Methyltransferases for the Methylation of both Flavonoid and Phenylpropanoid Compounds.
Arch Biochem Biophys 1998, 351, (2), 243-249.

Frick, S.; Kutchan, T. M., Molecular cloning and functional expression of O-methyltransferases
common to isoquinoline alkaloid and phenylpropanoid biosynthesis. Plant J 1999, 17, (4), 329-
339.

Deavours, B. E; Liu, C. J.; Naoumkina, M. A.; Tang, Y. H.; Farag, M. A.; Sumner, L. W.; Noel,
J. P.; Dixon, R. A., Functional analysis of members of the isoflavone and isoflavanone O-
methyltransferase enzyme families from the model legume Medicago truncatula. Plant Mol
Biol 2006, 62, (4-5), 715-733.

Itoh, N.; Iwata, C.; Toda, H., Molecular cloning and characterization of a flavonoid-O-
methyltransferase with broad substrate specificity and regioselectivity from Citrus depressa.
Bmc Plant Biol 2016, 16, 180.

Liu, X.; Wang, Y.; Chen, Y.; Xu, S.; Gong, Q.; Zhao, C.; Cao, J.; Sun, C., Characterization of

a Flavonoid 3'/5'/7-O-Methyltransferase from Citrus reticulata and Evaluation of the In Vitro
Cytotoxicity of Its Methylated Products. Molecules 2020, 25, (4), 858.

Gang, D. R.; Lavid, N.; Zubieta, C.; Chen, F.; Beuerle, T.; Lewinsohn, E.; Noel, J. P.;
Pichersky, E., Characterization of Phenylpropene O-Methyltransferases from Sweet Basil :
Facile Change of Substrate Specificity and Convergent Evolution within a Plant O-
Methyltransferase Family. Plant Cell 2002, 14, (2), 505-519.

Zhou, J. M.; Lee, E.; Kanapathy-Sinnaiaha, F.; Park, Y.; Kornblatt, J. A.; Lim, Y.; Ibrahim, R.
K., Structure-function relationships of wheat flavone O-methyltransferase: Homology modeling
and site-directed mutagenesis. Bmc Plant Biol 2010, 10, 156.

Berim, A.; Gang, D. R., Methoxylated flavones: occurrence, importance, biosynthesis.
Phytochem Rev 2016, 15, (3), 363-390.



Manuscript I

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yonekura-Sakakibara, K.; Higashi, Y.; Nakabayashi, R., The Origin and Evolution of Plant
Flavonoid Metabolism. Frontiers in plant science 2019, 10, 943.

Tohge, T.; de Souza, L. P.; Fernie, A. R., Current understanding of the pathways of flavonoid
biosynthesis in model and crop plants. J Exp Bot 2017, 68, (15), 4013-4028.

Kodama, O.; Miyakawa, J.; Akatsuka, T.; Kiyosawa, S., Sakuranetin, a Flavanone Phytoalexin
from Ultraviolet-Irradiated Rice Leaves. Phytochemistry 1992, 31, (11), 3807-3809.

Rakwal, R.; Tamogami, S.; Kodama, O., Role of Jasmonic Acid as a Signaling Molecule in
Copper Chloride-elicited Rice Phytoalexin Production. Biosci Biotech Bioch 1996, 60, (6),
1046-1048.

Hasegawa, M.; Mitsuhara, 1.; Seo, S.; Okada, K.; Yamane, H.; Iwai, T.; Ohashi, Y., Analysis
on Blast Fungus-Responsive Characters of a Flavonoid Phytoalexin Sakuranetin;
Accumulation in Infected Rice Leaves, Antifungal Activity and Detoxification by Fungus.
Molecules 2014, 19, (8), 11404-11418.

Murata, K.; Kitano, T.; Yoshimoto, R.; Takata, R.; Ube, N.; Ueno, K.; Ueno, M.; Yabuta, Y.;
Teraishi, M.; Holland, C. K.; Jander, G.; Okumoto, Y.; Mori, N.; Ishihara, A., Natural variation
in the expression and catalytic activity of a naringenin 7-O-methyltransferase influences
antifungal defenses in diverse rice cultivars. Plant J 2020, 101, (5), 1103-1117.

Shimizu, T.; Lin, F. Q.; Hasegawa, M.; Okada, K.; Nojiri, H.; Yamane, H., Purification and
Identification of Naringenin 7-O-Methyltransferase, a Key Enzyme in Biosynthesis of Flavonoid
Phytoalexin Sakuranetin in Rice. J Biol Chem 2012, 287, (23), 19315-19325.

Lo, S. C.; Weiergang, |.; Bonham, C.; Hipskind, J.; Wood, K.; Nicholson, R. L., Phytoalexin
accumulation in sorghum: Identification of a methyl ether of luteolinidin. Physiol Mol Plant P
1996, 49, (1), 21-31.

Balmer, D.; de Papajewski, D. V.; Planchamp, C.; Glauser, G.; Mauch-Mani, B., Induced
resistance in maize is based on organ-specific defence responses. Plant J 2013, 74, (2), 213-
225,

Ube, N.; Katsuyama, Y.; Kariya, K.; Tebayashi, S.; Sue, M.; Tohnooka, T.; Ueno, K.; Taketa,
S.; Ishihara, A., Identification of methoxylchalcones produced in response to CuClztreatment
and pathogen infection in barley. Phytochemistry 2021, 184, 112650.

Forster, C.; Handrick, V.; Ding, Y.; Nakamura, Y.; Paetz, C.; Schneider, B.; Castro-Falcén, G;
Hughes, C. C.; Luck, K.; Poosapati, S.; Kunert, G.; Huffaker, A.; Gershenzon, J.; Schmelz, E.
A.; Kollner, T. G., Biosynthesis and antifungal activity of fungus-induced O-methylated
flavonoids in maize. Plant Physiol 2021, kiab496.

Frey, M.; Schullehner, K.; Dick, R.; Fiesselmann, A.; Gierl, A., Benzoxazinoid biosynthesis, a
model for evolution of secondary metabolic pathways in plants. Phytochemistry 2009, 70, (15-
16), 1645-1651.

Kokubo, Y.; Nishizaka, M.; Ube, N.; Yabuta, Y.; Tebayashi, S.; Ueno, K.; Taketa, S.; Ishihara,
A., Distribution of the tryptophan pathway-derived defensive secondary metabolites gramine
and benzoxazinones in Poaceae. Biosci Biotech Bioch 2017, 81, (3), 431-440.

Meihls, L. N.; Handrick, V.; Glauser, G.; Barbier, H.; Kaur, H.; Haribal, M. M.; Lipka, A. E;
Gershenzon, J.; Buckler, E. S.; Erb, M.; Kdllner, T. G.; Jander, G., Natural Variation in Maize
Aphid Resistance Is Associated with 2,4-Dihydroxy-7-Methoxy-1,4-Benzoxazin-3-One
Glucoside Methyltransferase Activity. Plant Cell 2013, 25, (6), 2341-2355.

Handrick, V.; Robert, C. A. M.; Ahern, K. R.; Zhou, S. Q.; Machado, R. A. R.; Maag, D.;
Glauser, G.; Fernandez-Penny, F. E.; Chandran, J. N.; Rodgers-Melnik, E.; Schneider, B.;
Buckler, E. S.; Boland, W.; Gershenzon, J.; Jander, G.; Erb, M.; Kdllner, T. G., Biosynthesis
of 8-O-Methylated Benzoxazinoid Defense Compounds in Maize. Plant Cell 2016, 28, (7),
1682-1700.

Glauser, G.; Marti, G.; Villard, N.; Doyen, G. A.; Wolfender, J. L.; Turlings, T. C. J.; Erb, M.,
Induction and detoxification of maize 1,4-benzoxazin-3-ones by insect herbivores. Plant J
2011, 68, (5), 901-911.

87



Manuscript Il

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

88

Maag, D.; Kéhler, A.; Robert, C. A. M.; Frey, M.; Wolfender, J. L.; Turlings, T. C. J.; Glauser,
G.; Erb, M., Highly localized and persistent induction of Bx7-dependent herbivore resistance
factors in maize. Plant J 2016, 88, (6), 976-991.

Cambier, V.; Hance, T.; De Hoffmann, E., Effects of 1,4-Benzoxazin-3-One Derivatives from
Maize on Survival and Fecundity of Metopolophium dirhodum (Walker) on Artificial Diet. J
Chem Ecol 2001, 27, (2), 359-370.

Oikawa, A.; Ishihara, A.; Hasegawa, M.; Kodama, O.; Iwamura, H., Induced accumulation of
2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-GIc) in maize leaves.
Phytochemistry 2001, 56, (7), 669-675.

Oikawa, A.; Ishihara, A.; Tanaka, C.; Mori, N.; Tsuda, M.; Iwamura, H., Accumulation of
HDMBOA-GIc is induced by biotic stresses prior to the release of MBOA in maize leaves.
Phytochemistry 2004, 65, (22), 2995-3001.

Oikawa, A.; Ishihara, A.; lwamura, H., Induction of HDMBOA-Glc accumulation and DIMBOA-
Glc 4-O-methyltransferase by jasmonic acid in poaceous plants. Phytochemistry 2002, 61, (3),
331-7.

Li, B.; Forster, C.; Robert, C. A. M.; Zust, T.; Hu, L.; Machado, R. A. R.; Berset, J.-D.; Handrick,
V.; Knauer, T.; Hensel, G.; Chen, W.; Kumlehn, J.; Yang, P.; Keller, B.; Gershenzon, J;
Jander, G.; Kdllner, T. G.; Erb, M., Convergent evolution of a metabolic switch between aphid
and caterpillar resistance in cereals. Sci Adv 2018, 4, (12), eaat6797.

Makowska, B.; Bakera, B.; Rakoczy-Trojanowska, M., The genetic background of
benzoxazinoid biosynthesis in cereals. Acta Physiol Plant 2015, 37, (9), 176.

Soreng, R. J.; Peterson, P. M.; Romaschenko, K.; Davidse, G.; Teisher, J. K.; Clark, L. G.;
Barbera, P.; Gillespie, L. J.; Zuloaga, F. O., A worldwide phylogenetic classification of the
Poaceae (Gramineae) II: An update and a comparison of two 2015 classifications. J Syst Evol
2017, 55, (4), 259-290.

Liu, C. J.; Deavours, B. E.; Richard, S. B.; Ferrer, J. L.; Blount, J. W.; Huhman, D.; Dixon, R.
A.; Noel, J. P., Structural Basis for Dual Functionality of Isoflavonoid O-Methyltransferases in
the Evolution of Plant Defense Responses. Plant Cell 2006, 18, (12), 3656-3669.

Joe, E. J.; Kim, B. G.; An, B. C,; Chong, Y.; Ahn, J. H., Engineering of Flavonoid O-
Methyltransferase for a Novel Regioselectivity. Mol Cells 2010, 30, (2), 137-141.

Tang, Q.; Vianney, Y. M.; Weisz, K.; Grathwol, C. W.; Link, A.; Bornscheuer, U. T.; Pavlidis, I.
V., Influence of Substrate Binding Residues on the Substrate Scope and Regioselectivity of a
Plant O-Methyltransferase against Flavonoids. Chemcatchem 2020, 12, (14), 3721-3727.

Greenhagen, B. T.; O'Maille, P. E.; Noel, J. P.; Chappell, J., Identifying and manipulating
structural determinates linking catalytic specificities in terpene synthases. P Nat/ Acad Sci USA
2006, 103, (26), 9826-9831.

Kollner, T. G.; Degenhardt, J.; Gershenzon, J., The Product Specificities of Maize Terpene
Synthases TPS4 and TPS10 Are Determined Both by Active Site Amino Acids and Residues
Adjacent to the Active Site. Plants (Basel) 2020, 9, (5), 552.

Liu, H. T.; Naismith, J. H., An efficient one-step site-directed deletion, insertion, single and
multiple-site plasmid mutagenesis protocol. Bmc Biotechnol 2008, 8, 91.

Hall, T. A., BioEdit: a user-friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. Nucleic Acids Symposium Series 1999, 41, 95-98.

Kumar, S.; Stecher, G.; Tamura, K., MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Mol Biol Evol 2016, 33, (7), 1870-1874.

Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F. T;
de Beer, T. A. P.; Rempfer, C.; Bordoli, L.; Lepore, R.; Schwede, T., SWISS-MODEL:
homology modelling of protein structures and complexes. Nucleic Acids Res 2018, 46, (W1),
W296-W303.

Trott, O.; Olson, A. J., Software News and Update AutoDock Vina: Improving the Speed and

Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading.
J Comput Chem 2010, 31, (2), 455-461.



Discussion

4. Discussion

In this work, | investigated the formation and biochemical evolution of two important
classes of induced specialized defense metabolites in grass species — benzoxazinoids
(BXs) and flavonoids. | focused primarily on O-methyltransferases (OMTs), enzymes that
transfer a methyl group to specific hydroxyl groups of these compounds; a modification that
has been frequently described to enhance the activity of these compounds against attacking
organisms compared to their non-O-methyl precursors. Since the individual results are
largely discussed in the corresponding manuscripts, | will now highlight novel findings,
discuss how our obtained results are connected and what general or further conclusions
can be drawn. Moreover, | will provide additional data that shed light on the role of

regiospecific enzyme catalysis in possible biological modes of action.

41 Evolution of OMTs in the grasses

BXs produced by the core pathway such as DIBOA-GIc and DIMBOA-GIc are widely
distributed in the Poaceae family and are also found in a few dicotyledonous species (Frey
et al., 2009; Kokubo et al., 2017). In contrast, late pathway products such as the
N-O-methylated HDMBOA-GIc are so far only known to occur in the grasses, maize, wheat,
and Job’s tears (Coix lacryma-jobi) (Oikawa et al., 2002; Sicker and Schulz, 2002).
DIMBOA-GIc 4-OMTs catalyzing the conversion of DIMBOA-GIc to HDMBOA-GIc have
been identified in maize (ZmBX10, ZmBX11, ZmBX12, and ZmBX14) and wheat; however,
the wheat enzyme had only been partially purified from JA-treated leaves (Oikawa et al.,
2002) and the respective gene was unknown. We identified and characterized TaBX10 as
functional wheat DIMBOA-GIc 4-OMT and could show that the gene encoding it is not an
ortholog of maize ZmBX10-ZmBX12, or ZmBX14 and therefore evolved independently of
them (Manuscript I; Li et al., 2018). Interestingly, TaBX10 was able to O-methylate both
DIMBOA-GIc and DIM,BOA-Gilc in vitro, suggesting that it likely covers a second reaction
step in the BX pathway that is exclusively catalyzed by ZmBX14 in maize (Handrick et al.,
2016). DIM,BOA-GlIc has been previously detected in wheat ears (Sgltoft et al., 2008), and
we also found both the precursor DIM;BOA-Glc and the corresponding product HDM,BOA-
Glc in minor amounts in unchallenged leaves (Manuscript I). Thus, wheat appears to have,
in principle, the entire BX pathway, and we could show that the functionality of converting
DIMBOA-GIc to HDMBOA-GIc as switch between aphid and caterpillar resistance is
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conserved in wheat as well (Manuscript I). However, whether HDM;BOA-GlIc formation is
induced in specific plant tissues, in other wheat cultivars, or under certain conditions and
plays a role in wheat defense remains to be elucidated.

The convergent evolution of the DIMBOA-GIc 4-OMTs in maize and wheat (Manuscript |)
contrasts with the evolution of the BX core pathway (Makowska et al., 2015). Corresponding
orthologous genes to maize ZmBX1-ZmBX5 involved in DIBOA biosynthesis have been
identified in several grass species including diploid (T. boeoticum) and hexaploid wheat
(T. aestivum) (Nomura et al., 2002; Nomura et al., 2003; Nomura et al., 2007), rye
(S. cereale) (Bakera et al., 2015; Tanwir et al., 2017), and a wild barley (H. lechleri)
(Griin et al., 2005). Except for rye, functional similarity to the respective maize enzymes
was demonstrated in vitro for all encoded enzymes. Thus, it was suggested that the genes
of DIBOA biosynthesis diverged from a common ancestor within the grasses (Grun et al.,
2005; Frey et al., 2009; Makowska et al., 2015). In addition, genes encoding BX6 and
BX6-like enzymes have been isolated from wheat and rye, and phylogenetic clustering
again indicates that they are orthologs of maize ZmBX6 (Tanwir et al., 2017; Shavit et al.,
2021; Sue et al.,, 2021). Gene orthology has also been proposed for the OMT BX7
responsible for DIMBOA-GIc formation (Bakera and Rakoczy-Trojanowska, 2020);
however, the isolated rye gene ScBX7 has not been functionally characterized and the
amino acid sequence identity to ZmBX7 is only 45%. A phylogenetic tree encompassing the
OMT genes characterized in this thesis and other previously characterized or
uncharacterized OMT genes of grass species shows that ScBX7 clusters actually in a
subclade with TaBX10 and homologous genes of grass species belonging to the major BOP
lineage and not with ZmBX7 (Figure 5). This may indicate independent evolution of BX7 in
rye and maize. Glucosyltransferases and B-glucosidases, which are important for BX
stabilization and activation, respectively, again appear to be conserved within the Poaceae
(Sue et al., 2006; Sue et al., 2011).

Thus, while the BX core pathway leading to the constitutively produced BXs DIBOA-Glc and
DIMBOA-GIc is largely conserved within the Poaceae, the late decoration steps catalyzed
by OMTs have likely evolved independently in different grasses. The ability to synthesize
N-O-methyl derivatives such as HDMBOA-GIc appears to be a recent and, based on current
knowledge, rare evolutionary adaptation. However, the fact that this happened
independently in maize and wheat (Manuscript |), representatives of the two major grass
clades PACMAD and BOP, emphasizes the importance of these compounds for plant

defense.

90



Discussion

74r ZmBX11 (B73_v4)
991 znBX710

ZmBX10 (B73_v4)
ZmBX12 (CML322)
ZmBX14 (B73_v4)
ZmFOMT2 (B73_v4)
SbFOMT2

98 95" \s01G327200

ZmFOMT3 (B73_v4)
ZmFOMTS5 (B73_v4)
HVF1-OMT
1001 Ta5BL_EDB06E392
ScBX7
TaBX10
0509917560
Ta2AL_OEC4A0B2C
Ta4AL_67C9BC7BE
100 Hv1Hr1G001570

ZmBX7 (B73_v4)

100 911~ Sh001G456650
9999 Ms02G431200
99 ZmFOMT4 (B73_v4)

Uf9G519100.1
— OsNOMT
1001~ TaOMT2
HvOMT1
Bd3g16530
OsROMT9
Uf6G018900
ZmOMT1 (ZmFOMT1,B73_v4)
Sb007G047300
98~ Ms13G030400

44

78

96

[~ ZmCCoAOMT1
L ZmCCoAOMT2

0.20

Figure 5. Phylogenetic tree of FOMT and BX OMT genes from diverse species of the Poaceae.
Genes characterized in this thesis are highlighted in bold. The tree was inferred using the maximum
likelihood method based on the General Time Reversible model, including gamma distributed rate
variation among sites (+G, 2.3845). Bootstrap values (n = 1000) are shown next to each node. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All
positions with < 90% site coverage were eliminated. ZmCCoAOMT1 and ZmCCoAOMTZ2 were used
as outgroup for rooting. Species abbreviations: Bd, Brachypodium distachyon; Hv, Hordeum vulgare;
Ms, Miscanthus sinensis; Os, Oryza sativa; Sc, Secale cereale; Sb, Sorghum bicolor; Ta, Triticum
aestivum; Uf, Urochloa fusca; Zm, Zea mays; Zn, Zea nicaraguensis; Accession numbers: ScBX7,
MG519859; for all others see Manuscripts |, I, and III.

In Manuscript Il (Forster et al., 2021), we identified and characterized four maize FOMTs,
termed ZmFOMT2 and ZmFOMT3, ZmFOMT4, and ZmFOMTS, that catalyze the
regiospecific O-methylation of various flavonoids at positions 5, 7, and 6 of the A ring,
respectively, and are involved in the fungus-elicited production of a diverse
O-methylflavonoid blend. Two of these FOMTs, ZmFOMT2 and ZmFOMT3, were found to
be closely related to the DIMBOA-GIlc 4-OMTs ZmBX10-12 and ZmBX14 (Manuscript II;
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Figure 5). Based on the characterization of homologous enzymes from sorghum
(SbFOMT2), sugarcane (ShFOMT2), and teosinte (Zea nicaraguensis; ZnBX10), we could
show that the flavonoid 5-OMT activity is more widespread in the Panicoideae subfamily of
the grasses and that DIMBOA-GIc 4-OMTs likely evolved from FOMTs in the PACMAD
clade of the grasses (Manuscript lll; Figure 5). Regiospecific flavonoid 5-OMTs (Manuscript
[l and IlIl) have not been isolated previously. However, presumably SbFOMT2 and/or
another close homolog identified in our study (Manuscript Ill) catalyzes the formation of the
sorghum phytoalexin 5-methoxyluteolinidin (Lo et al., 1996). Interestingly, we could also
show that the DIMBOA-GIc 4-OMTs, ZmBX10-12 and ZnBX10, can accept flavonols such
as kaempferol and quercetin as substrates and convert them into 3-O-methylated
derivatives, another indicator of the close relationship between FOMTs and DIMBOA-Glc
4-OMTs (Manuscript IlI; Figure 5).

Despite clear evidence for the origin of the DIMBOA-GIc OMTs from the PACMAD clade
(Manuscript lIl), the evolutionary origin of TaBX10 from the BOP clade remains unclear. We
have cloned and expressed several genes homologous to TaBX710 in Escherichia coli, but
so far none of the enzymes showed activity with any of the tested compounds (data not
shown). However, it is still likely that the ancestor of TaBX10 is also a FOMT or an OMT
that utilizes another structurally similar compound (Lam et al., 2007). TaBX10 shows the
highest similarity to another wheat OMT (TaSBL_ED806E392), which shares high amino
acid sequence similarity (95%) with putative ScBX7 (Figure 5). Thus, it could also be that
TaBX10 and the wheat gene encoding BX7 share a common evolutionary origin.
ZmFOMT4, the other important FOMT identified in our study, is only distantly related to the
gene cluster containing ZmFOMTZ2 and ZmFOMT3, ZmBX10-12, and ZmBX14 (Manuscript
[I; Figure 5). Instead it shares 70% amino acid identity with another flavonoid 7-OMT,
OsNOMT from rice, that is involved in sakuranetin formation (Shimizu et al., 2012).
Furthermore, ZmFOMT4 and OsNOMT cluster together with 3'/5’-FOMTs from maize, rice,
wheat, and barley (Manuscript Il; Figure 5; ZmOMT1, OsROMT9, TaOMT2, and HYOMT1)
that all use the flavone tricetin as their preferred substrate (Kim et al., 2006; Zhou et al.,
20064a; Zhou et al., 2006b; Zhou et al., 2008). 3'/5’-FOMTs are widely distributed in the plant
kingdom and mostly share a common evolutionary origin (Kim et al., 2010). Thus, the 3'5'-
FOMTs and the related flavonoid 7-OMTs most likely evolved from a common ancestor
earlier in the evolution of the grasses, whereas flavonoid 5-OMTs appear to be a later and
unique adaptation in the Panicoideae that gave rise to the DIMBOA-GIc 4-OMTs in Zea
species after gene duplication. However, the barley flavonoid 7-OMT, HvF1-OMT
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(Christensen et al., 1998), shares only 30-33% amino acid identity with the two Poaceae
flavonoid 7-OMTs mentioned above (ZmFOMT4 and OsNOMT) and clustered separately
from them in the phylogenetic tree (Manuscript Il; Figure 5), indicating convergent evolution
of these enzymes. Several other grasses possess closely homologous genes to ZmFOMT4,
but not barley (Figure 5). The flavonoid 7-OMT ancestor might have been lost during the
evolution of barley.

Thus, both divergent and convergent processes play a role in the evolution of the grass
(F)OMTs investigated in this work, as observed for many other OMTs belonging to the
COMT class from species outside of the Poaceae (Lam et al., 2007). As with BX
biosynthesis, genes for the flavonoid core pathway are well conserved in various plants
(Yonekura-Sakakibara et al., 2019). Apart from flavonoid and BX OMTs, independent
evolution of functionally similar enzymes (also known as repeated evolution) was found for
several other classes of secondary metabolites (Pichersky and Lewinsohn, 2011 and
references therein). For example, the terpene synthases (TPSs) linalool synthase from
bergamot mint (Mentha citrate) (Crowell et al., 2002) and (E)-B-caryophyllene synthase from
maize (Kollner et al., 2008), were more closely related to other mono- or sesquiterpene
synthases, respectively, from the same species than to TPSs with the same function from
other species. However, the trans-isoprenyl diphosphate synthases, which provide the
terpene precursors (e.g. GPP and FPP) are highly conserved (Wang and Ohnuma, 1999;
Wang and Ohnuma, 2000). Overall, modification reactions, including those catalyzed by
OMTs, appear to evolve more frequently through convergent forces than their upstream

reactions.

4.2 O-methylation of flavonoids: The position makes the difference

Modification of flavonoids by O-methylation commonly reduces the reactivity of their
hydroxyl groups but makes them more lipophilic, which often seems to enhance their
antimicrobial activity (lbrahim et al., 1987; Ibrahim et al., 1998) (see chapter 1.7 for
examples). We have isolated the FOMTs ZmFOMT2, SbFOMT2, and ShFOMT2 from
maize, sorghum, and sugar cane, respectively, that regiospecifically O-methylate different
flavonoids at position 5 of the A ring (Manuscript Il and Ill). The resulting products showed
an unusual elution pattern on C18 reversed phase-liquid-chromatography (RP-LC)
columns, eluting considerably earlier than their non-O-methylated precursors (Manuscript I
and Ill; Supplemental Figure 1). A second O-methylation largely compensates this effect,

as 5,7-di-O-methylated flavonoids elute only shortly before the non-O-methylated
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compound. Flavonoids that are O-methylated at any other than the 5 position are retained
more by the RP-LC columns compared to the precursor (Manuscript Il; Supplemental Figure
1), as expected for compounds with higher lipophilicity. We assume that the unusual elution
behavior of 5-O-methylflavonoids is due to the elimination of intramolecular hydrogen
bonding between the 5-hydroxyl group and the carbonyl-O at position 4, which decreases
interactions of 5-O-methylated flavonoids with the alkyl chains of the C18 RP-LC column
(Manuscript Il). This is consistent with previous reports that the presence of a hydroxyl group
at position 5 of the A ring versus hydroxyl groups at other positions, increases the
lipophilicity of flavonoids (Selvaraj et al., 2015). Because of this intramolecular hydrogen
bond, the 5-hydroxyl group is also considered difficult to methylate (Kim et al., 2010).
Indeed, 5-O-methylated flavonoids have rarely been observed in nature and have been
previously described almost exclusively from woody species such as yellow oleander
(Thevetia peruviana), Cistus laurifolius, and Citrus (Voigtlander and Balsam, 1970;
Harborne, 1977; Vogt et al., 1988; Kawaii et al., 1999).

In in vitro bioassays, 5-O-methylnaringenin and -apigenin showed only marginal antifungal
activity against four maize fungal pathogens that was not higher than that of their
non-O-methylated precursors, whereas genkwanin (7-O-methylapigenin), a product of
ZmFOMT4, appeared to be a better growth inhibitor (Manuscript Il). In addition to these
published bioassays, | performed bioassays with a broader range of flavonoids and
O-methylated derivatives against four other maize fungal pathogens (Supplemental Figures
1-5). Test compounds also included O-methylflavonoids that do not accumulate in maize
but whose antifungal properties have been previously demonstrated, such as
5,7-O-dimethylflavone (Tomasbarberan et al., 1988), sakuranetin (Kodama et al., 1992),
and tangeretin (Almada-Ruiz et al., 2003). A meta-analysis of these bioassays revealed that
the in vitro antifungal activity of flavonoids appears to be related to their retention time (RT)
on C18 RP-LC columns and thus to their lipophilicity (Figure 6). O-methylflavonoids with
high RTs, such as sakuranetin, genkwanin and tangeretin, tend to be more effective in
reducing fungal growth than more polar flavonoids (Figure 6; Supplemental Figures 1-5),
such as 5-O-methylapigenin and —naringenin in particular, which may even slightly promote
the growth of some fungi (Manuscript Il; Figure 6). The xilonenin tautomers were the most
abundant ZmFOMT2 products detected in our analyses of fungus-infected maize leaves
and showed moderate antifungal activity (Manuscript Il). This would fit the results of the
meta-analysis (Figure 6), as the two tautomers would fall into the range of compounds with

low (keto tautomer: RT = 7.0 min) and moderate (enol tautomer: RT = 8.5 min) activity.
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Figure 6. The in vitro antifungal activity of O-methyl- and non-O-methylflavonoids appears to
be related to their retention time on C18 reversed phase liquid-chromatography (RP-LC)
columns. Growth reduction (%) was calculated for four plant pathogenic fungi using the fungal
growth (optical density at 600 nm; means, n = 3) in absence and presence (32 ug/mL) of different
flavonoids at 40 h and blotted against the retention time of the corresponding O-methyl- and
non-O-methylflavonoids on a RP-LC column. Linear regression was performed to assess a possible
relationship between growth reduction and retention time (P < 0.05). C.g. (adjusted R? = 0.581;
F =16.242, P =0.002); K.z. (adjusted R? = 0.396, F = 8.223, P = 0.017); C.z. (adjusted R? = 0.149,
F=2.929, P=0.118); Zp. (adjusted R? =0.673, F =23.642, P <0.001). For graphical representation
only, the retention time of 5,7-O-DiMe-Naringenin and Hispidulin was jittered by 0.1 min. The
structures of the individual flavonoids are depicted in Supplemental Figure 1. The results of all fungal
biocassays are shown in Supplemental Figures 2-5. Abbreviations: C.g., Colletotrichum graminicola;
K.z., Kabatiella zeae; C.z., Cercospora zeae-maydis; Z.p., Zymoseptoria pseudotritici; Me, methyl;
DiMe, dimethyl.

It should be noted, however, that the growth-inhibitory effects of the individual flavonoids
were remarkably diverse among the different maize fungal pathogens in all our bioassays
(Manuscript II; Figure 6), probably reflecting the adaptation of some fungi to these
compounds. Recently, detoxification of sakuranetin by demethylation and/or conjugation to
sugar moieties was shown for two rice pathogenic fungi (Katsumata et al., 2017; Katsumata
et al.,, 2018). An analysis of the flavonoid composition after completion of my additional
bioassays revealed that three of the four fungi, except Zymoseptoria pseudotritici, were able

to demethylate both 7-O-methylated naringenin (sakuranetin) and apigenin (genkwanin),
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but apparently not the corresponding 5-O-methylflavonoids (Supplemental Figures 6 and
7). Demethylation at the 7 position was also detected for 5,7-dimethoxynaringenin in
fungus-containing assay mixtures (Supplemental Figure 6). Noteworthy, the amounts of
naringenin and apigenin seem to be also reduced in the presence of some of the fungi
(Supplemental Figures 6 and 7), which may indicate further detoxification reactions as
previously described (Katsumata et al., 2017; Katsumata et al., 2018). These detoxification
data indicate that 5- and 7-O-methylflavonoids are metabolized differently by fungal
pathogens. Altogether, the comparisons of these specific compounds clearly show how
regiospecific O-methylation can dramatically alter the chemical properties of flavonoids,
which in turn likely alter their mode of action and thus their biological activity. Lipophilic
flavonoids appear to be direct inhibitors of fungal growth, while the potential activity of more
polar flavonoids is less elusive. However, it is possible that the more polar ZmFOMT2
products found in maize, especially xilonenin, may act as signaling molecules and therefore

contribute more indirectly to pathogen defense (see below).

4.3 The flavonoid/O-methylflavonoid antifungal mode of action:

direct inhibition versus signaling

The direct growth inhibition of fungal pathogens by lipophilic flavonoids such as
genkwanin (Manuscript Il; Figure 6; Supplemental Figures 1-5) can probably be attributed
to their ability to interact with, penetrate and/or cross fungal membranes. Such interactions
are mainly dependent on the lipophilicity of flavonoids and their structural features
(e.g. planarity). Membrane-interacting flavonoids may localize either within the hydrophobic
core or at the surface of the lipid bilayer, which alters the fluidity or rigidity of the membrane.
This in turn can alter the permeability of the membrane for other compounds, influence
membrane-associated proteins including influx and efflux transporters, and disturb
membrane-mediated cell signaling pathways, leading to perturbation of the cell metabolism
and eventually cell death (Selvaraj et al., 2015). Flavonoids that are able to cross the fungal
membrane, which could be through passive diffusion and/or via membrane transport
proteins (Esquivel and White, 2017; Galocha et al., 2020), can also reach specific targets
inside the cell. Direct inhibition of resistance-conferring membrane proteins by lipophilic
flavonoids, as proposed for bacterial efflux pumps (Maia et al., 2011), is also conceivable.
Numerous studies in mammalian cell systems or artificial membrane systems have linked

the ability of flavonoids to interact with membranes to their bioactivity (Hendrich, 2006;
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Selvaraj et al., 2015; and references therein). In several cases, lipophilic O-methylated
flavonoids had higher specific activity in direct comparison to more polar flavonoids. The
O-methylflavonoids acacetin (4’-O-methylapigenin) and rhamnetin (7-O-methylquercetin),
for example, were better inducers of calcein leakage from fluid egg phosphatidylcholine
vesicles than apigenin, quercetin, and other non-O-methylflavonoids (Ollila et al., 2002).
Gardenin B (5-demethyl tangeretin), which has a higher lipophilicity than tangeretin (Li et
al., 2006), has also been shown to accumulate at higher intracellular concentrations and to
have a stronger growth inhibitory effect on nonsmall cell lung cancer cells than tangeretin
(Charoensinphon et al., 2013). However, another study showed that the non-O-methylated
flavone chrysin had lower anti-inflammatory activity in Caco-2 cells than its derivative
5,7-O-dimethylflavone (During and Larondelle, 2013), which is expected to be a little bit less
hydrophobic (see above). The authors suggested that the higher activity of
5,7-O-dimethylflavone may be due to more efficient transport through Caco-2 cell
monolayers, higher metabolic stability, and consequently higher intracellular concentration
and better inhibition of the NF-uB signaling pathway (During and Larondelle, 2013). This
might suggest that some degree of lipophilicity is required (e.g. to cross membranes), but
that it is not the only driving force in such interactions with cells.

In contrast to the hydrophobic flavonoids included in the fungus-elicited maize flavonoid
mixture, the considerably more polar ZmFOMT2 products (Manuscript 1) may rather not act
directly against invading fungal pathogens but modulate the plant-pathogen response by
affecting signaling pathways within plant cells. It is well-known that flavonoids can act as
signaling modulators in mammals, often by directly binding to and inhibiting protein and lipid
kinases involved in phosphorylation-dependent signaling cascades (e.g. serine/threonine
kinases such as protein kinase C (PKC), MAPKs, or phosphatidylinositol-3 kinases
(PI13Ks)), leading to downstream transcriptional reprogramming (Williams et al., 2004,
Mansuri et al., 2014; and references therein). To date, many studies have shown that
flavonoids may modulate plant signaling pathways, including phytohormone signaling, in
similar ways (Peer and Murphy, 2006; Brunetti et al., 2018; and references therein).
A well-known example is the modulation of auxin (indole-3-acetic acid, IAA) transport, for
instance, by flavonols such as quercetin (Peer and Murphy, 2007).

Amongst the ZmFOMT2 products (Manuscript Il), xilonenin might be particularly interesting
in terms of affecting signal transduction pathways. We could show that this tautomeric
flavonoid derivative is formed in maize from the core pathway precursor naringenin by the
consecutive action of the fungus-induced CYP ZmF2H2 and ZmFOMT2 (Manuscript II).
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ZmF2H2 provides 2-hydroxynaringenin, which spontaneously interconverts between
closed-ring and open-ring tautomers at room temperature (Manuscript Il; Du et al., 2010a).
In its open ring form, 2-hydroxnaringenin has two equivalent hydroxyl groups on the A ring
that are subsequently O-methylated to xilonenin by ZmFOMT2 (Manuscript Il). The two
methoxy groups stabilize the chalcone-like open ring structure by precluding spontaneous
ring closure. As the typical C6-C3-C6 carbon core structure is missing in xilonenin, it cannot
be considered as flavonoid anymore. Chalcones are known for their diverse biological
activities, which have been largely attributed to the reactive a,B-unsaturated carbonyl
(enone) moiety, common to these compounds (Sahu et al., 2012). Roughly similar, xilonenin
possesses a [(-dicarbonyl moiety, representing an electrophilic site that could react with
nucleophilic protein residues such as cysteine (thiol group), lysine (amino group), glutamic
acid (carboxyl group), or tyrosine (hydroxyl group). This in turn might lead to the inhibition
of regulatory or biosynthetic target enzymes or to a depletion of the redox-buffer glutathione
(y-glutamylcysteinylglycine; GSH), modulating or causing downstream signaling events
(Noctor et al., 2012). As observed with most B-diketones (Urbaniak et al., 2011), the
equilibrium between the ketone and enol forms of xilonenin was shifted towards the enol
form (1:2 ratio; Manuscript Il). In this enol form, xilonenin may also be able to complex metal
ions (Urbaniak et al., 2011), which could additionally contribute to its potential to inhibit
enzymes. Compounds with R-diketone groups are considered rare in nature; however, a
well-known compound with this structural feature is curcumin, and many of its valuable
properties for human health (e.g. anti-inflammatory and anti-carcinogenic) can be attributed
to its ability to directly or indirectly regulate signaling pathways (Zhou et al., 2011; Kljun and
Turel, 2017).

Thus, the structural features of xilonenin are in good agreement with a possible role as
inhibitor or modulator of signal transduction pathways in plants. However, there are many
other alternatives. For example, it might be also possible that xilonenin acts as direct
inhibitor of fungal enzymes secreted by fungi to degrade plant cell walls, such as cellulases,
xylanases, or pectinases (Skadhauge et al., 1997). Whether xilonenin and the various
O-methylflavonoids detected in fungus-infected maize leaves can actually affect the activity
of enzymes, modulate signal pathways, or interact with fungal membranes, respectively,

remains to be elucidated.
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Interestingly, there seem to be some parallels between O-methylflavonoids or xilonenin and
BXs in terms of their potential mode of action. Similar to lipophilic O-methylflavonoids,
hydrophobic BXs might have stronger direct antifungal activity than the more hydrophilic
BXs (Wouters et al., 2016). In one study, MBOA was shown to be a better inhibitor of
conidial germination and germ tube elongation of three plant fungal pathogens than its
precursors. Therefore, the authors suggested that the accumulation of HDMBOA-Gilc in
maize leaves upon fungal infection might be advantageous due to its much faster
degradation to MBOA (Oikawa et al., 2004). Xilonenin, on the other hand, shares structural
features with BX hydroxamic acids, such as an electrophilic site and metal ion binding site,
which are thought to be responsible for the enzyme inhibitory activity of BXs (Wouters et
al., 2016). Moreover, DIMBOA has been demonstrated to induce callose in both maize
(Ahmad et al., 2011) and wheat (Manuscript 1) and thus to be involved in defense signaling.

A possible role of O-methylated flavonoid derivatives in plant signaling is also of interest
because maize is known to produce many other phytoalexins upon fungal infection. This
includes not only BXs (Oikawa et al., 2004), but also an enormous array of non-volatile
terpenoids such as zealexins, kauralexins, and dolabralexins (Huffaker et al., 2011b;
Schmelz et al., 2011; Mafu et al., 2018). Especially the latter have been shown to be potent
antifungal agents in vitro and resistance factors in vivo (Huffaker et al., 2011b; Schmelz et
al., 2011; Mafu et al., 2018; Ding et al., 2019; Ding et al., 2020). Consistent with these earlier
studies, we have observed large-scale transcriptomic and metabolomic changes in Bipolaris
maydis-infected maize leaves beyond the mere accumulation of flavonoids, their O-methyl
derivatives and late-pathway BXs (Manuscript Il). It is important to consider that these
different compounds and/or biosynthetic pathways could influence each other, and that
flavonoids are not necessarily the predominant direct antifungal defense compounds. Such
interactions have rarely been studied so far. However, it was shown, for instance, that
functional CHI, a flavonoid core pathway enzyme, is necessary for terpenoid production in

glandular trichomes of tomato (Solanum lycopersicum) (Kang et al., 2014).
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44 Conclusion and future perspectives

O-methylation is an important mechanism contributing to the formation of the
enormous structural and functional diversity of specialized metabolites in the plant kingdom.
The reduced reactivity of hydroxyl groups and altered solubility of methyl ether derivatives
also has implications for their metabolic stability, intracellular localization, and biological
activity.

The results obtained in this work shed light on the formation of O-methylated flavonoids and
BXs in grasses in the context of plant defense and unravel the evolutionary relationship and
history of some of the OMTs that produce them. DIMBOA-Glc 4-OMTs have evolved
independently in maize and wheat, and their ancestors in the PACMAD clade of the grasses
seem to be FOMTs. Several lines of evidence demonstrate that the identified and
characterized maize FOMTs are involved in the fungus-induced formation of a diverse
O-methylflavonoid mixture. Moreover, the in vitro antifungal activity of some of the
O-methylated flavonoids produced by these enzymes against maize fungal pathogens
and/or their structural features suggest that these compounds should provide the plant with
an advantage in defending against fungal pathogens. However, in planta data showing a
clear relationship between the accumulation of the various O-methylflavonoids and the
resistance of maize to fungal infections are not yet available. Thus, it is important to
investigate this further in the future. The generation of specific biosynthetic mutant lines has
already demonstrated such a relation for other maize phytoalexins, including BXs,
kauralexins, and zealexins (Ahmad et al., 2011; Ding et al., 2019; Ding et al., 2020), and
would therefore also be a favorable option with respect to ZmFOMT2- and ZmFOMT4-
derived O-methylflavonoids. In addition, treating maize plants with low concentrations of
O-methylflavonoids or xilonenin and studying their effects, for instance, on the levels of
phytohormones and the other known phytoalexins might help to find out more about a
possible role of these compounds in plant signaling. Determining the intra- or extracellular
localization of O-methylflavonoids in maize could be another important component to

elucidate the mode of action of these metabolites during fungal infection.
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5. Summary

Depending on their specific ecological niches, plants produce distinct mixtures of
low molecular weight specialized metabolites. Modification by O-methylation is one
important mechanism that increases the structural diversity of such compounds and
provides derivatives with altered chemical properties, which helps plants to cope with
various ecological challenges, including defense against pathogens and insect pests. In the
grass family (Poaceae), two important classes of defense metabolites are benzoxazinoids
(BXs) and flavonoids. Their O-methyl derivatives often show higher specific activity against
attacking organisms than their non-O-methylated precursors.

Therefore, the aims of my thesis were to identify and characterize O-methyltransferases
(OMTs) in several grass species as key enzymes in the formation of O-methylated BXs and
flavonoids, to investigate their evolutionary relationships, and to elucidate their possible role
in plant defense.

The biosynthesis of BXs has been previously fully elucidated in maize. However, in other
grass species, such as wheat, the late steps of the biosynthetic pathway have not been
deciphered. These late steps lead to the valuable O-methyl derivatives including HDMBOA-
Glc, which is known to be induced in wheat by herbivory. Using transcriptomic data derived
from herbivore-damaged and -undamaged wheat leaves, we identified the herbivore-
induced OMT gene TaBX10. Heterologous expression and functional characterization of
the encoded enzyme in vitro revealed that TaBX10 catalyzes the conversion of DIMBOA-
Glc and DIM;BOA-Glc to their N-O-methyl derivatives HDMBOA-GIc and HDM,BOA-Glc,
respectively. Thus, TaBX10 was shown to be a functional homolog of the maize DIMBOA-
Glc 4-OMTs ZmBX10-12 and ZmBX14. However, phylogenetic analyses demonstrated that
the corresponding genes are only distantly related, suggesting convergent evolution of the
DIMBOA-GIc 4-OMTs in wheat and maize. Nevertheless, we could show that their function
in plant defense is conserved in wheat as well. The presence of these OMTs causes the
production of HDMBOA-Glc, a resistance factor against caterpillars, while the absence of
these enzymes leads to the accumulation of DIMBOA-GIc, which triggers callose deposition
as a resistance factor against aphids.

A previous study showed that the O-methylflavonoid genkwanin is produced in maize
following fungal infection and exhibits antifungal activity in vitro. This gave a first hint that
O-methylated flavonoids may play a role in the defense of maize against fungal pathogens.

However, the biosynthetic enzymes involved were unknown. W e therefore comprehensively
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investigated fungus-induced flavonoid metabolism in maize. Using association mapping
and transcriptomics, we identified four maize OMT genes and a cytochrome P450
monooxygenase (CYP) gene associated with the fungus-elicited production of
O-methylflavonoids. Biochemical characterization showed that the four OMT candidates
ZmFOMT2 and ZmFOMT3, ZmFOMT4, and ZmFOMTS5 were able to catalyze the
regiospecific O-methylation of diverse flavonoids at positions 5, 7 and 6 of the A ring,
respectively. The CYP candidate ZmF2H2 hydroxylated the core pathway intermediate
naringenin to 2-hydroxynaringenin. Subsequent O-methylation of 2-hydroxynaringenin by
ZmFOMT2 leads to the formation of a novel, tautomeric di-O-methylated flavonoid
derivative termed xilonenin. Collectively, our data indicate that the identified enzymes
contribute greatly to the formation of the diverse flavonoid blend detected in planta, which
comprises 38 known and putative flavonoids and their O-methyl derivatives that are rapidly
induced upon fungal infection in maize leaves. In vitro bioassays revealed significant but
variable activity of xilonenin and other abundant O-methylated and non-O-methylated
flavonoids against different maize pathogenic fungi. The 5-O-methylated flavonoids
produced by ZmFOMT2 were found to be considerably less lipophilic compared to other
O-methylflavonoids. | have speculated that hydrophobic flavonoids such as the
7-O-methylflavonoids produced by ZmFOMT4 are direct inhibitors of fungal growth due to
their ability to interact with and/or cross fungal membranes. Xilonenin and other more polar
O-methylflavonoids, on the other hand, might be more indirectly involved in plant defense
by acting as signaling molecules.

Phylogenetic analyses revealed that ZmFOMT2 and ZmFOMT3 are closely related to the
DIMBOA-GIc 4-OMTs (ZmBX10-12 and ZmBX14). To investigate the evolution of these
maize OMTs, we identified and characterized ZmFOMT2 homologs from several other
Poaceae species. We additionally isolated two functional flavonoid 5-OMTs from sorghum
(SbFOMT2) and sugarcane (ShFOMT2), and a DIMBOA-GIc 4-OMT from teosinte
(Zea nicaraguensis; ZnBX10). Our findings indicate a broader distribution of flavonoid
5-OMTs compared to DIMBOA-GIc 4-OMTs in the Panicoideae subfamily of the grasses,
and suggest that the DIMBOA-GIc 4-OMTs, which are so far known only from Zea species
within the major PACMAD lineage, have evolved from a flavonoid 5-OMT ancestor. Based
on sequence comparisons, homology modelling, and in vitro mutagenesis, we also could
get first insights on the amino acid residues that determine the differential activity of these

enzymes.
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6. Zusammenfassung

In Abhangigkeit von ihren individuellen 6kologischen Nischen produzieren Pflanzen
unterschiedliche Mischungen spezialisierter Metaboliten mit niedrigem Molekulargewicht.
Die Modifizierung durch O-Methylierung ist ein wichtiger Mechanismus, der die strukturelle
Vielfalt solcher Verbindungen erhoht und Derivate mit veranderten chemischen
Eigenschaften hervorbringt. Diese helfen den Pflanzen, verschiedene Okologische
Herausforderungen zu bewaltigen, einschliellich der Abwehr von Krankheitserregern und
Insektenschadlingen. Zwei wichtige Klassen von Verteidigungsmetaboliten in der Familie
der Graser (Poaceae) sind Benzoxazinoide (BXs) und Flavonoide. lhre O-Methyl-Derivate
zeigen oft eine hohere spezifische Aktivitat gegen angreifende Organismen als ihre nicht
O-methylierten Vorlaufer.

Ziel dieser Arbeit war es daher, O-Methyltransferasen (OMTs) in verschiedenen Grasarten
als Schlisselenzyme fur die Bildung von O-methylieten BXs und Flavonoiden zu
identifizieren und zu charakterisieren. Zudem sollten die evolutiondren Beziehungen der
isolierten OMTs untersucht und ihre mogliche Rolle in der Pflanzenabwehr aufgeklart
werden.

Die Biosynthese von BXs wurde in Mais bereits vollstandig aufgeklart. Bei anderen
Grasarten, wie z. B. Weizen, sind die spaten Schritte des Biosynthesewegs jedoch noch
nicht entschliisselt worden. Diese spaten Schritte fllhren zu den wertvollen O-Methyl-
Derivaten, einschliellich HDMBOA-Glc. Von diesem ist bekannt, dass es in Weizen durch
Herbivorie induziert wird. Unter Nutzung von Transkriptomdaten, die von Herbivoren-
geschadigten und -ungeschadigten Weizenblattern stammen, identifizierten wir das
Herbivoren-induzierte OMT-Gen TaBX10. Die heterologe Expression und funktionelle
Charakterisierung des kodierten Enzyms in vitro zeigte, dass TaBX10 die Umwandlung von
DIMBOA-GIc und DIM;BOA-GIc in ihre N-O-Methylderivate HDMBOA-GIc bzw. HDM,BOA-
Glc katalysiert. Folglich ist TaBX10 ein funktionelles Homolog der Mais-DIMBOA-GIc
4-OMTs ZmBX10-12 und ZmBX14. Phylogenetische Analysen zeigten jedoch, dass die
entsprechenden Gene nur entfernt miteinander verwandt sind. Dies lasst auf eine
konvergente Evolution der DIMBOA-GIc 4-OMTs in Weizen und Mais schlieRen. Dennoch
konnten wir zeigen, dass ihre Funktion in der Pflanzenabwehr auch in Weizen konserviert
ist. Das Vorhandensein dieser OMTs bewirkt die Produktion von HDMBOA-GIc, einem
Resistenzfaktor gegen Raupen. Das Fehlen dieser Enzyme fuhrt zur Akkumulation von

DIMBOA-GIc, das die Ablagerung von Kallose als Resistenzfaktor gegen Blattlduse auslost.
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Eine frlhere Studie zeigte, dass das O-Methylflavonoid Genkwanin in Mais nach einer
Pilzinfektion gebildet wird und in vitro eine antimykotische Aktivitat aufweist. Dies war ein
erster Hinweis darauf, dass O-methylierte Flavonoide eine Rolle bei der Verteidigung von
Mais gegen pilzliche Krankheitserreger spielen konnten. Die beteiligten biosynthetischen
Enzyme waren jedoch unbekannt. Daher haben wir den durch Pilze induzierten Flavonoid-
Stoffwechsel in Mais umfassend untersucht. Mithilfe von Assoziationskartierung und
Transkriptomik identifizierten wir vier OMT-Gene und ein Cytochrom-P450-
Monooxygenase (CYP)-Gen, welche mit der Pilz-induzierten Produktion von
O-Methylflavonoiden in Verbindung stehen. Die biochemische Charakterisierung zeigte,
dass die vier OMT-Kandidaten ZmFOMT2 und ZmFOMT3, ZmFOMT4 sowie ZmFOMT5 in
der Lage sind, die regiospezifische O-Methylierung verschiedener Flavonoide an den
Positionen 5, 7 bzw. 6 des A-Rings zu katalysieren. Der CYP-Kandidat ZmF2H2
hydroxylierte das Kernweg-Zwischenprodukt Naringenin zu 2-Hydroxynaringenin. Die
anschlieRende O-Methylierung von 2-Hydroxynaringenin durch ZmFOMT2 fuhrte zur
Bildung eines neuartigen, tautomeren di-O-methylierten Flavonoid-Derivats, das als
Xilonenin bezeichnet wurde. Insgesamt deuten die erhaltenen Daten darauf hin, dass die
identifizierten Enzyme in hohem Malde zur Bildung der vielfaltigen Flavonoid-Mischung
beitragen, die in Pflanzen nachgewiesen wurde. Diese Mischung umfasst 38 bekannte und
mutmaldliche Flavonoide und ihre O-Methyl-Derivate, welche bei einer Pilzinfektion in
Maisblattern rasch induziert werden. In-vitro-Bioassays zeigten eine signifikante, aber
unterschiedliche Aktivitat von Xilonenin und anderen reichlich vorhandenen O-methylierten
und nicht O-methylierten Flavonoiden gegen verschiedene Mais-pathogene Pilze. Die von
ZmFOMT2 produzierten 5-O-methylierten Flavonoide erwiesen sich im Vergleich zu
anderen O-Methylflavonoiden als deutlich weniger lipophil. Es ist zu vermuten, dass
hydrophobe Flavonoide, wie die von ZmFOMT4 produzierten 7-O-Methylflavonoide,
aufgrund ihrer Fahigkeit mit Pilzmembranen zu interagieren und/oder diese zu
durchqueren, das Pilzwachstum direkt hemmen. Xilonenin und andere polarere
O-Methylflavonoide kénnten dagegen eher indirekt an der Pflanzenabwehr beteiligt sein,
indem sie als Signalmolekule wirken.

Im Weiteren zeigten phylogenetische Analysen, dass ZmFOMT2 und ZmFOMT3 eng mit
den DIMBOA-GIc 4-OMTs (ZmBX10-12 and ZmBX14) verwandt sind. Um die Evolution
dieser Mais-OMTs zu untersuchen, wurden ZmFOMT2-Homologe aus mehreren anderen
Poaceae-Arten identifiziert und charakterisiert. Auflerdem wurden zwei funktionelle
Flavonoid-5-OMTs aus Sorghum (SbFOMT2) und Zuckerrohr (ShFOMT2) sowie eine
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DIMBOA-GIc-4-OMT aus Teosinte (Zea nicaraguensis; ZnBX10) isoliert. Die Ergebnisse
deuten auf eine gréRere Verbreitung von Flavonoid-5-OMTs im Vergleich zu DIMBOA-Glc-
4-OMTs in der Panicoideae-Unterfamilie der Graser hin. Das legt nahe, dass die DIMBOA-
Glc-4-OMTs, die bisher nur von Zea-Arten innerhalb der groien PACMAD-Linie bekannt
sind, sich aus einem Flavonoid-5-OMT-Vorlaufer entwickelt haben. Auf der Grundlage von
Sequenzvergleichen, Homologiemodellierung und In-vitro-Mutagenese konnten zudem
erste Erkenntnisse Uber die Aminosaurereste gewonnen werden, welche die

unterschiedliche Aktivitat dieser Enzyme bestimmen.
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Fig. S1. Phenotyping of ZmBxI2-overexpressing plants I. Concentrations of benzoxazinoids (A), sugars and
starch (B), soluble protein (C), and free amino acids (D,E) in wild type (WT) and transgenic lines are shown.
Different letters indicate significant differences between wheat lines (ANOVA followed by Holm-Sidak Post-
Hoc tests, p<0.05).

125



Supplemental Material Manuscript |

126

141 ANOVA: b
12 G_enotype***
Time***

GxTns.

b
8 _tf_ ab b{'
b
a a a
a a
Zﬂﬂ a
; ]
wT

28 L29|WT L28 L29|WT L28 L29(WT L28 L29
0Oh 24h 72h &d
Fig. S2. Phenotyping of ZmBxI2-overexpressing plants 11. Concentrations of ferulic acid in wild type (WT)
and transgenic lines in non-induced plants (Oh) and S. littoralis-induced plants at different time points are
shown. Chlorogenic acid, caffeic acid, coumaric acid and sinapic acid were below the limit of detection.
Significance levels for Two-Way ANOVA factors are shown (¥*p<0.05; **p<0.01; ***p<0.001). Letters
indicate significant differences between lines within time points (ANOVA followed by Holm-Sidak Post-Hoc
tests, p<0.05). N.s. not significant.

-
o

Concentration [ug*g FW-]




Supplemental Material Manuscript |

1000
900
800
700
600
500
400
300
200
100

Concentration [ug*g FW-']

Fig. S3. HDMBOA-Glc and MBOA levels upon DIMBOA and DIMBOA-Glc infiltration. No significant
differences between treatments within genotypes were detected.
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Fig. S4. Specificity of benzoxazinoid- and glucosinolate-induced callose deposition. Callose
deposition in wheat (A) and Arabidopsis thaliana leaves (B) infused with the glucosinolate 4MO-
13M or the benzoxazinoids DIMBOA and DIMBOA-Glc (n=6). N.d. not detected.
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Fig. S5. Impact of DIMBOA-Gl¢ O-methylation on wheat pathogen resistance. (A) infection severity
caused by two powdery mildew (Blumeria graminis f. sp. tritici) isolates. No differences between wild type
(WT) and transgenic lines were found (ANOVA followed by Holm-Sidak Post-Hoc tests, p>0.05). (B)
representative photographs of leaf rust (Puccinia recondita f.sp.tritici) infested wheat leaves. Visual inspection
revealed no differences in infection severity between the different lines. Photo credit for (B): Ping Yang,
University of Ziirich.
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Fig. S6. Aphids do not induce benzoxazinoids in wheat leaves. Major benzoxazinoids in wild type (WT) and
ZmBx12 overexpressing leaves of control plants (C) and plants infested with Sitobion avenae aphids (S.a.). No
significant differences between treatments within genotypes were detected.
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Fig. S7. Identification of DIMBOA-Glec OMT candidate genes. (A) Benzoxazinoid levels in control and 5.
littoralis induced wheat leaves (n=3). (B) The transcriptomes of the same samples were sequenced, and the
obtained sequences were mapped to the primary gene models of the T. aestivum v2.2 genome. Differential
gene expression was analyzed using the EDGE test implemented in the CLC genomics workbench package.
Genes with a fold change > 3.5 and P < 0.001 were considered as upregulated. Means and SE are shown (n=3).
(C) qRT-PCR analysis of Traes 4AL C467B516F/Tracs 2BL C467B516F gene expression in herbivore-
damaged wheat leaves. Means and SE are shown (n=6-7). Because 4AL C467B5S16F and Traes 2BL
C467B516F share 100 % nucleotide identity, they could not be distinguished from each other in the qRT-PCR.
Cont.: Control. S.1.: Spodoptera littoralis.
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Fig. S8. Phylogenetic tree of maize OMT genes similar to Bx7 and wheat OMT genes that were found to be
up-regulated after herbivory in wheat seedlings (RNA sequencing). The tree was inferred by using the
Maximum Likelihood method based on the General Time Reversible model. Bootstrap values (n = 1000
replicates) are shown next to each node. The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. GRMZM, Zea mays genes (black); Traes, Triticum aestivum genes (green). Maize
AAMT! (anthranilic acid carboxyl methyltransferase 1) has been described as a member of the SABATH
family (Koéllner et al., 2010, Herbivore-Induced SABATH Methyltransferases of Maize That Methylate
Anthranilic Acid Using S-Adenosyl-L-Methionine. Plant Physiology 153, 1795-1807).
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Fig. 89. Sequence comparison of maize BX7 and BX10 with herbivore-induced OMT proteins from
wheat. Amino acids identical in at lcast 5 out of 10 sequences are marked by black boxes and amino acids with
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similar side chains are marked by gray boxes. The genes encoding Traes 2BL._C467B516F.1 and

Traes 4AL C467B516F.1 have identical nucleotide sequences and were both designated as TaBX10 (shown in
red).
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Fig. S10. Phylogenetic tree of maize and wheat OMT genes similar to Bx7. (A) and expression values of
OMT contigs extracted from a de nove transcriptome of herbivore-damaged wheat leaves (B). OMTs were
identified using a BLASTP analysis with maize BX7 as query and the maize and wheat protein datasets in
Phytozome 12.1 (https://phytozome.jgi.doe.gov) as template. In addition, a de novo transcriptome of Spodoptera
littoralis damaged wheat lcaves was used as template for a TBLASTN analysis with Bx/0 as query. Genes with
ORFs > 1000 nucleotides were considered as ‘full-length’ and used for phylogenetic analysis. Maize
Bx10,11,12,14, wheat TaBX1(), and wheat OMT contigs found in the de novo transcriptome are shown in red,
brown, and green, respectively. The tree was inferred by using the Maximum Likelihood method based on the
Tamura 3-parameter model. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. GRMZM, Zeq mays; Traes, Triticum aestivum; contig, contig number in the de novo
transcriptome.
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Fig. S11. Identification of TaBx/# as a functional DIMBOA-Gle OMT. Recombinant Traes 4AL
C467B516F (TaBX 10) accepts DIMBOA-Glc and DIM,BOA-Gle as substrate and produces

HDMBOA-Glc and HDM,BOA-Gle, respectively. The enzymes were heterologously expressed in

E. coli. Purified recombinant proteins were incubated with a mixture of DIMBOA-Glc and
DIM,BOA-Glc as substrate and SAM as co-substrate. Enzyme products were analyzed using LC-

MS/MS. Maize ZmBX10 was included as positive control and an £. coli strain expressing an empty
vector was used as negative control.
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Fig. S12. No influence of ZmBx12 overexpression on TaBx10 expression. Relative expression
of TaBx 10 in the leaves of WT and OeBx12 plants that were uninfested or infested with S,
littoralis larvae for 24 h (n=>5-6). Stars above bars indicate a significant difference between
treatments within genotypes (Holm-Sidak Post-IToc tests, *p<0.05; **p<0.01; ***p<0.001).
Significance levels for ANOV A factors are shown on the right (¥*p<0.05; **p<0.01; ***p<0.001)
C: Control. S.1.: Spodoptera littoralis.
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The detailed tree of this
clade is shown in figure 3
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Fig. S13. Phylogenetic tree of Poaceae OMT genes similar to Bx7. OMTs were identified using a BLASTP
analysis with maize BX7 as query and all available Poaceae protein datasets in Phytozome 12.1
(https://phytozome.jgi.doe.gov) as template. Genes with ORFs > 1000 nucleotides were considered as “full-
length’ and used for dendrogram analysis. The tree was inferred by using the Maximum Likelihood method
based on the Tamura 3-parameter model. Bootstrap values (n = 1000 replicates) are shown next to each node.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. GRMZM, Zea
mays; Sobic, Sorghum bicolor, Sevir, Setaria viridis; Seita, S. italica; Pavir, Panicum virgatum; Pahal, P. hallii;
Oropetium, Oropetium thomaeum; Traes, Triticum aestivum; HORVU, Hordeum vulgare; Bradi, Brachypodium
distachyon; Brast, B. stacei; LOC Os, Oryza sativa.
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Fig. S14. Phylogenetic tree of maize, wheat, and Arabidopsis OMT genes similar to Bx7. OMTs were
identified using a BLASTP analysis with maize BX7 as query and the maize, wheat, and Arabidopsis thaliana
protein datasets in Phytozome 12.1 (https:/phytozome.jgi.doe.gov) as template. Genes with ORFs > 1000
nucleotides were considered as ‘full-length’ and used for phylogenetic analysis. Maize Bx/0,11,14, wheat
TaBX10, and Arabidopsis IGMT1,2 are shown in red, green, and blue, respectively. The tree was inferred by
using the Maximum Likelihood method based on the Tamura 3-parameter model. Bootstrap values (n = 1000
replicates) are shown next to each node. The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. GRMZM, Zea mays; Traes, Triticum aestivum; AT, Arabidopsis thaliana.
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Table S1. Wheat OMT genes up-regulated after herbivory (RNA sequencing). Wheat seedlings were
subjected to herbivory by Spodeptera littoralis. The transcriptomes of three damaged and three undamaged
plants were sequenced and compared to identify herbivory-induced O-methyltransferase genes. All identified
OMT genes with a fold change > 3.0 and a P-value < 0.001 are shown.

EDGE | i leaf leaf leaf
test EDGE (EDGEtest [leaf ctr-ileaf ctr ileafctr-|herb- iherb- iherb- [leafctr ileaf herb
Fold itestP- Weighted [2644_A |2644_Ci2644_B [2644_E 12644_D!2644_F|Means {Means
Feature ID change value :difference [FPKM {FPKM :FPKM [FPKM FPKM :FPKM |FPKM :FPKM |annotation
Traes 4AL C467B8516F.1 | 161.6: 1E-13! 1.58E-05 0.0: 0.0 0.0 165 18.9; 294 0.0 21.6|PTHR11746//PTHR11746:5F 108 - O-METHYLTRANSFERASE
[Traes_2BL C467B516F.1 969! 1E11} 144E-05 0.0: 0.0 0.2 1571 166: 271 01 19.8|PTHR11746//PTHR11746:5F108 - O-METHYLTRANSFERASE
Trags_5BL B2AATDOEB.1 35.7: 0.0001; 3.42E-06 0.0: 0.0 0.0 19 5.0 13 0.0 4.7'PTHR11746//PTHR11746:SF108 - O-METHYLTRANSFERASE
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supplemental_data_set_S1 (Excel file)
Supplemental Dataset S2

Note: supplemental_tables part2 and the two Supplemental Datasets are not

included in this thesis. This data is available online.
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Supplemental Figure S1. MS/MS spectra of putative 5- and 7-O-methylflavonoids. The
compounds were observed in B. maydis-infected W22 and/or B75 leaf tissue using untargeted LC-MS
(full scan and auto MS/MS mode) as described in the methods section. The MS/MS spectrum of
sakuranetin was obtained using a commercially available standard. 5- and 7-O-methylderivatives have
similar MS/MS spectra, but differ greatly in retention time (RT).
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Supplemental Figure S2. Association mapping using B73 x Ky21 RIL with the GLM and 80,440
SNPs. Left panel (A,C,E,G): Manhattan plots of the association analysis of the indicated metabolites.
The most statistically significant SNPs are located within the region of the maize FOMT2/3 on
chromosome 9 (FOMT2, Chr.9:119,779,040-119,780,565 bp; FOMT3, Chr9: 119,838,646-119,840,122
bp; B73 RefGen_v2). The black dashed line denotes the false discovery rate (<0.05 at —log10[P])
using a Bonferroni correction. Right panel (B, D, F, H): Regional Manhattan plots representing a
‘zoomed-in’ view of the signal between 112.0 Mb and 130.0 Mb on chromosome 9, and each dot
representing a single SNP.
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Supplemental Figure S$3. GWAS mapping reveals association between the occurrence of
genkwanin and FOMT4. Left panel: Manhattan plots of the association analysis (mixed linear model)
of the indicated metabolites in the stems of maize plants from the Goodman diversity panel following 3
days of fungal elicitation. The most statistically significant SNPs associated with genkwanin and the
ratio of apigenin to genkwanin are located within the region of the maize FOMT4 on chromosome 9
(Chr9: 147,148,251-147,149,436 bp; B73 RefGen_v3), while no significant SNPs are associated with
apigenin. The black dashed line denotes the false discovery rate (<0.05 at —log10[P]) using a
Bonferroni correction. Right panel: Regional Manhattan plots representing a ‘zoomed-in’ view of the
signal between 146.8 Mb and 148.0 Mb on chromosome 9, and each dot representing a single SNP.
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Supplemental Figure S4. Schematic chromosomal array of FOMT2 and FOMT3 in B73 and W22.
FOMT2-B73, Zm00001d047192;, FOMT3-B73, Zm00001d047194, FOMT2-W22-1, Zm00004b033403;
FOMT2-W22-2, Zm00004b033399; FOMT3-W22, Zm00004b033404.
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Supplemental Figure S5. Amino acid sequence alignment of FOMT2/3. The amino acid sequences
encoded by Zm00001d047192 (FOMT2-B73), Zm00004b033403 (FOMT2-W22-1), Zm00004b033399
(FOMT2-W22-2), and Zm00001d047194 (FOMT3-B73) were aligned using the MUSCLE codon
algorithm implemented in the software MEGA7 and visualized with the program BioEdit. Identical
amino acids are shaded in black and similar amino acids in grey. FOMT2-B73 shares 99% and 79%
amino acid identity with FOMT2-W22-1/2 and FOMT3-B73, respectively. Note: Unlike the W22
database sequences displayed here, the cloned FOMT2 sequence contains a D instead of an E on
alignment position 17.
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Supplemental Figure S6. Phylogenetic tree of maize FOMT genes characterized in this study,
closely related maize OMT genes and characterized FOMT genes from other monocots and
dicots. The tree was inferred using the maximum likelihood method based on the General Time
Reversible model, including gamma distributed rate variation among sites (+G, 2.2239). Bootstrap
values (n = 1000) are shown next to each node. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. All positions with < 90% site coverage were
eliminated. Maize FOMTs investigated in this study are highlighted in red. The gene accession
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numbers and references are provided in Supplemental Table S3.
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Supplemental Figure S7. Expression of BX OMT genes in W22 upon fungal infection.

Transcript abundance of BX10, BX11 and BX14 derived from RNA-seq of damaged and either water
treated (DAM) or B. maydis-infected (SLB) W22 leaves harvested after 4 days. Gene expression is
given as reads per kilobase million (RPKM; Means + SE; n = 4). Stars indicate significant differences
(P < 0.05) between treatments using a Bonferroni correction (for statistical values, see Supplemental
Table §2).
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Supplemental Figure S$8. Regiospecific O-methylation and elution patterns of FOMT2 and
FOMTA4 products. The purified recombinant enzymes as well as the empty vector control (EV) were
incubated with the substrate naringenin (A), apigenin (B) or hispidulin (C) in presence of the
cosubstrate S-adenosyl-L-methionine. Reaction products were analysed by LC-MS/MS. Peak numbers
in panel A: 1, 5-O-methylnaringenin; 2, 7-O-methylnaringenin (sakuranetin); 3, 5,7-O-
dimethylnaringenin. Peak numbers in panel B: 1, 5-O-methylapigenin; 2, 7-O-methylapigenin
(genkwanin); 3, 5,7-O-dimethylapigenin. Peak numbers in panel C. 1, 6,7-O-dimethylscutellarein
(cirsimaritin). cps, counts per second. (D) Structure of cirsimaritin, the FOMT4 product in panel C.
(E) The elution pattern of flavonoid substrates and their 5- and 7-O-methylated products, illustrated
using the example of scutellarein. Peak numbers: 1, 5-O-methyl(scutellareiny, 2, 5,7-O-
dimethyl(scutellarein); 3, substrate (scutellarein); 4, 7-O-methyl(scutellarein). Note: For illustration, the
peaks of different enzyme assays are combined in the chromatogram.
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Supplemental Figure S9. Fragmentation patterns of 2-hydroxynaringenin and its O-methyl
derivatives. Extracted ion chromatograms (A) and MS/MS spectra of 2-hydroxynaringenin (F) and
different O-methyl derivatives (B-E), which were consistent with the fragmentation patterns of a mono-
or di-O-methylated 2-hydroxynaringenin (G). The compounds were observed in B. maydis-infected
W22 and/or B75 leaf tissue using untargeted LC-MS (full scan and auto MS/MS mode) as described in
the methods section. 1, 2-hydroxynaringenin; 2.1 and 2.2, O-methyl-2-hydroxynaringenin; 3.1 and 3.2,
O-dimethyl-2-hydroxynaringenin (xilonenin).
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Supplemental Figure S10. GWAS mapping reveals association between the occurrence of
xilonenin tautomers and FOMTZ2/3. Left panel: Manhattan plots of the association analysis (mixed
linear model) of the indicated metabolites in the stems of maize plants from the Goodman diversity
panel following 3 days of fungal elicitation. The black dashed line denotes the 5% Bonferroni corrected
threshold for 25,457,708 SNP markers. The most statistically significant SNPs are located within the
region of the maize FOMT2/3 on chromosome 9 (FOMT2, Chr9: 120,033,582-120,035,107 bp;
FOMT3, Chr9: 120,093,188-120,094,664 bp; B73 RefGen_v3). Right panel: Regional Manhattan plots
representing a ‘zoomed-in’ view of the signals between 119.8 Mb and 120.3 Mb on chromosome 9,
and each dot representing a single SNP.
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Supplemental Figure S11. Amino acid sequence alignment of Poaceae F2Hs belonging to the
CYP93G subfamily. The amino acid sequences encoded by GRMZM2G167336 (ZmCYP93G5; F2H1-
B73), Zm00004b033614 (ZmCYP93GS5; F2H1-W22), Zm00004b010826 (ZmCYP93G15; F2H2-W22),
SbCYPI93G3 (Sorghum bicolor; XM_002461241), and OsCYP93G2 (Oryza sativa; AK099468) were
aligned using the MUSCLE codon algorithm implemented in the software MEGA7 and visualized with
the program BioEdit. Identical amino acids are shaded in black and similar amino acids in grey. F2H2-
W22 characterized in this study shares 85%, 84%, 80%, and 69% amino acid identity with F2H1-B73,
F2H1-W22, SbCYP93G3, and OsCYP93G2, respectively.
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Supplemental Figure S12. Enzymatic activity of CYP93G family members similar to F2H1
(CYP93G5) with naringenin or eriodictyol. The CYP93Gs were heterologously expressed in yeast
and the microsomal fraction was incubated with the substrate naringenin (A) or eriodictyol (B) in
presence of the cosubstrate NADPH. Enzyme products were analysed by LC-MS/MS. Numbers in
panel A: 1, 2-hydroxynaringenin; 2, apigenin. Numbers in panel B: 1, 2-hydroxyeriodictyol; 2, luteclin.
cps, counts per second; EV, empty vector control.
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Supplemental Figure $13. NMR chemical shift data of xilonenin tautomers (in MeOH-d;). The enol
form (A) and keto form (B) occured in a ratio of 2:1 at room temperature. In both tautomers the aromatic
rings did not change into a quinoid conformation as is reflected in the chemical shifts; the tautomerism
occured only within the positions 2 and 3 of the propanoid moiety connecting the two aromatic rings.
Another tautomeric structure could not be identified from the spectral data. The structures have been solved
as follows: The methylene group in position 2 of tautomer B showed two long-range C-H correlations with
keto functions at position 1 (d; 198.4) and position 2 (d. 194.8). The latter showed a long-range C-H
correlation with positions 2"/ 6” (d, dy 7.84/ d¢ 132.2) of a 4-hydroxylated aromatic ring. The chemical shifts
of positions 3"/ 5" (dy, 6.84/ d. 116.3) were determined by COSY/HSQC correlations. Tautomer A showed a
similar long-range C-H correlation 2/ 8” (d, d,; 7.79/ d; 130.0) = 3 (d; 183.2). Position 2 in tautomer A was
an unsaturated methine (s, dy 6.33/ d; 100.5) showing long-range C-H correlations with a keto function at
position 1 (d; 189.5) and the unsaturated hydroxyl function at position 3. For both tautomers A and B the
connection of the second aromatic ring with the tautomeric 1,3-diketo propane moiety could be proven by a
four-bond long-range C-H correlation (375 —> 1). This second aromatic ring was symmetrically O-
substituted as the signal for position 3'/5’ appeared as singlet (B: d, 6.07/ A: d, 6.13). The position 2'/6’ was
shown to be methoxylated in both tautomers; a four-bond long-range C-H correlation (-OCH3 —->3'/5)
determined the structure of the ring.
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Supplemental Figure S14. The two xilonenin tautomers exhibit different UV absorption. UV
spectra of the first (A) and second (B) peak of xilonenin (compare to Supplemental Figure S9A) were
recorded using the purified compound and a LC-MS instrument additonally equipped with an UV
detector as described in the methods section. The shift of the UV absorption maximum from 283 nm to
352 nm is indicative for the enol tautomer having a longer conjugated system than the keto tautomer.
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Supplemental Figure S15. De novo production of flavonoids in different maize lines after fungal
infection. (A) Spatial distribution of non-O-methylated and O-methylated flavonoids in ‘upper’, ‘middle’
and ‘lower’ (top down) leaf segments of hybrid maize (‘Sweet Nugget'). The middle leaf segment was
damaged and either treated with water as control (DAM) or a mycelial suspension of B. maydis (SLB)
for 2 or 4 days, and several different non-O-methylated and O-methylated flavonoids were quantified in
the three leaf parts using LC-MS/MS. (B} and (C) The experiment was repeated with W22 and B73,
respectively, with only the middle leaf segment harvested and analyzed. Shown are the total amounts
of all analyzed non-O-methylated and O-methylated flavonoids (left and right panel, respectively;
Means + SE; n = 8). Significant differences for the factors treatment or day are stated. Different letters
indicate significant differences between treatments and days (for statistical values, see Supplemental
Table S9). Results for individual analytes can be taken from Supplemental Tables S7 and S8.
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Supplemental Figure $16. Visible signs of infection on hybrid maize after inoculation with
different pathogenic fungi. Shown are representative pictures of the following treatments: CON,
undamaged; DAM, damaged and treated with water; Z.p., Zymoseptoria pseudotritici; CHT, chitosan;
C.z., Cercospora zeae-maydis, A.a., Alternaria alternata; C.g., Colletotrichum graminicola; K.z.,
Kabatiella zeae; F.g., Fusarium graminearum.
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Supplemental Figure S17. Large-scale transcriptomic and metabolomic changes upon SLB-
infection. The middle leaf segment of W22 or B75 maize plants was mechanically damaged and either
treated with water as control (DAM) or a mycelial suspension of B. maydis (SLB) for 4 days.
(A) Valcano plot based on RNA-seq data (Novogene) using n = 4 biological replicates of W22.
Upregulated genes (red), downregulated genes (green) and genes that are not differentially expressed
(blue) upon SLB-infection are shown. (B) and (C) Volcano plots based on metabolomic data derived
from untargeted LC-MS measurements of n = 8 (W22) or n = 6 (B75) biological replicates and following
analysis using the software MetaboScape 4.0.
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Supplemental Figure S18. Expression of the BX biosynthetic pathway during fungal infection.
Expression of genes involved in the BX biosynthetic pathway in damaged and either water treated
control (DAM) or B. maydis-infected (SLB) W22 leaves after 4 days of treatment. Transcriptomes were
sequenced and mapped to the Zea mays W22 NRGene V2 genome. RPKM values for each gene are
shown as a heat map next to the gene abbreviation (Means; n = 4): DAM (left column) and SLB (right
column). For statistics see Supplemental Table S2. The inserted table gives fold changes of
corresponding BX metabolites analysed by LC-MS/MS. Relative values can be taken from
Supplemental Table S11). HBOA, 2-Hydroxy-3,4-dihydro-2H-1,4-benzoxazin-3-one; HBOA-Glc, 2-
Hydroxy-3,4-dihydro-2H-1,4-benzoxazin-3-one glucoside;
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Supplemental Figure $19. RT-gPCR validation of flavonoid and BX pathway gene expression
results in noninfected and fungus-infected W22 leaves. Expression of the indicated genes in
damaged and either water treated (DAM) or B. maydis-infected (SLB) W22 leaves was measured by
RT-qPCR relative to UBCP und MEP (Means = SE; n = 4). The relative expression is normalized in a
way that values < 1 reflect cq values > 30 and hence rather low expression. Stars indicate statistically
significant differences (P < 0.05) between treatments (Student’s t-test or Mann-Whitney Rank Sum
Test). All gene abbreviations and corresponding IDs are provided in Supplemental Table S2. (A}
Relative expression of FOMTs investigated in this study and flavonoid core pathway genes. FOMTZ,
day 2 (P =0.029, T = 10); FOMT2, day 4 (P = 0.029, T = 10); FOMT3, day 2 (P = 0.003, t = -4.937);
FOMTS3, day 4 (P = 0.002, t = -5.267); FOMT4, day 2 (P = < 0.001, t = -10.804); FOMT4, day 4 (P = <
0.001, t = -6.086); CHS2, day 2 (P = 0.029, T = 10); CHS2, day 4 (P = < 0.001, t = -8.247); CHl-like,
day 2 (P = 0.029, T = 10); CHl-like, day 4 (P = 0.029, T = 10); F3H, day 2 (P = 0.029, T = 10); F3H,
day 4 (P =<0.001, t = -7.997); FNSI/1, day 2 (P = <0.001, t = -9.460); FNS/1, day 4 (P =<0.001,t=-
9.520); FNSI2, day 2 (P = 0.044, t = -2.536); FNSI2, day 4 (P = 0.029, T = 10); FLS1/2, day 2 (P =
0.407,t=-0,892); FLS1/2, day 4 (P =0.617,t=-0,528); F3'H, day 2 (P = 0.008, t = -3.951); F3'H, day
4 (P =0.018,t =-3.246).
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Supplemental Figure $19 continued. (B) Relative expression of CYP93s investigated in this study.
E2H1, day 2 (P = 0.029, T = 10); F2H1, day 4 (P = 0.029, T = 10); F2H2, day 2 (P = 0.051, t = 2.430);
F2H2 (P = 0.007, t = 4.000); FNSII1, day 2 (P = 0.735,1 =-0.354); FNSII1,day 4 (P = 0486, T = 15);
FNSIi2, day 2 (P = 0.486, T = 15); FNSI/2, day 4 (P = 0.686, T = 20); CYP93G6, day 2 (P = 0.343, T =
14); CYP93G6, day 4 (P = 0.343, T = 14); CYP93F6, day 2 (P = 0.517, t = 0,688); CYP93F6, day 4 (P
=0.400, T = 9). (C) Relative expression of BX OMTs. BX10, day 2 (P = 0.029, T = 10); BX10, day 4 (P
= < 0.001, t = -11.636); BX71, day 2 (P = 0.014, t = -3.435); BX11, day 4 (P = <0,001, t = -6.572),
BX14, day 2 (P = 0.010, t = -3.718): BX14, day 4 (P = <0.001, t = -12.104).
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Supplemental Figure S20. Antifungal activity of naringenin and 5-O-methylnaringenin. Growth
(optical density at 600 nm) of F. graminearum, F. verticillioides, R. microsporus and B. maydis in the
absence and presence of naringenin (A) and purified 5-O-methylnaringenin (B) measured over a 48-h
time course in a defined minimal broth medium using a microtiter plate assay. Data are shown as
means + SE (n = 4). Different letters indicate significant differences (P < 0.05) between treatments at
48 h (one-way ANOVA followed by Tukey-Kramer's post-hoc test or Student’s t-test). F. graminearum:
naringenin (F = 12.948, P = 0.002); 5-O-methylnaringenin (F = 1.552, P = 0.264); F. verticillioides:
naringenin (F = 20.144, P < 0.001); 5-O-methylnaringenin (F = 1.923, P = 0.202); R. microsporus:
naringenin (F = 14.022, P = 0.002); 5-O-methylnaringenin (F = 1.901, P = 0.205); B. maydis:
naringenin (F = 4.350, P = 0.048); 5-O-methylnaringenin (F = 1.531, P = 0.268).



Supplemental Material Manuscript Il

F. graminearum F. graminearum
£ Apigenin (Jg/mL) 5-0-Methylapigenin (Jg/mL)
=
a
e
=
E
=]
o
©
=2
c
=3 g T T
w
0 16 32 48
F. verticillioides F. verticillioides
T 06 Apigenin (pg/mL) 06 5-O-Methylapigenin (ug/mL)
c
2 a a
o ab
O 04 3 04 b
=
H
5 02 0.2
®
=}
c
2 00 0.0
0 16 32 48 0 16 32 48
R. microsporus R. microsporus
z Apigenin (pg/mL) 5-O-Methylapigenin (ug/mL)
o
a
Qe
S
8
o))
©
(=]
c
= —_ e
w
0 16 32 48
B. maydis B. maydis
T o8 Apigenin (ug/mL) 08 5-0-Methylapigenin (ug/mL)
c
g 0.6
a
a
o a
g o4 a
o
202
@«
=)]
c
2 00
0 16 32 48 0 16 32 48
Time (h) Time (h)

e —f— ——
0 ug/mL 33 pg/mL 100 pg/mL

Supplemental Figure S21. Antifungal activity of apigenin and 5-O-methylapigenin. Growth
(optical density at 600 nm) of F. graminearum, F. verticillioides, R. microsporus and B. maydis in the
absence and presence of apigenin (A) and purified 5-O-methylapigenin (B) measured over a 48-h time
course in a defined minimal broth medium using a microtiter plate assay. Data are shown as means +
SE (n = 4). Different letters indicate significant differences (P < 0.05) between treatments at 48 h (one-
way ANOVA followed by Tukey-Kramer's post-hoc test). F. graminearum: apigenin (F = 0.775, P =
0.489); 5-O-methylapigenin (F = 1.634, P = 0.248); F. verticillioides: apigenin (F = 2.707, P = 0.120); 5-
O-methylapigenin (F = 6.781, P = 0.016); R. microsporus: apigenin (F = 5.397, P = 0.029); 5-O-
methylapigenin (F = 7.061, P = 0.014); B. maydis: apigenin (F = 0.660, P = 0.540); 5-O-methylapigenin
(F =2.914, P =0.106).
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FOMT3-B73 codon optimized
ATGGCGTTTACGGARGAGAGTTCCCAAGACCTCCTGCAAGCGCACGATGAATTATGGCACCAGAGTGTCAGCTACCTGAAATCGCTCGCCTTARC
GOTGECGTTCCATCTOOECATCCCAGATGCCATTCACCACCATCETCECECTGCCACACTCCTGCAGATTCTTCACARARCCGCACTCCAT CAGA
GCARRTTGCGTGCGTTACGTCGCCTCATGCGTGTTCTTACGGT TAGCGGEACCT TCAGTGTGGTACAACARCCTCCGTGTGGCGACGATGACTCA
ACCGTATATCGCTTARCCGCGGCGAGCCGGTTCTTAGTGAGCGARAGRAGTGTCGTCTGCGACACTGGC TCCTTTCATGTCCGTGGTACTTCACCC
GATTAGCCAGAGCTCCCATGCGCETGGTATC TGCGCATGGTTTCGCCARGAGCACCATGATCCGAGTGCAT TTGGTCTGGCGTTTGGACAGGCAC
CTACCATTTGGGAACATGCCGATGATACCAATGCCATTCTGAACARAGGCCTGGLGGCTCAGTCTCGLT TTCTGETTCCGGTTATGCTGCGLGAA
TGTGGTGAAGCCOTGT TTCGTGGAAT TGACTCTCT TETCGACGT TGCTGGTGGCCATGGCGBAGCCGCAACTGCGAT COCGGCAGCCTTTCCGCA
TCTCARATCCTCACTGOTGEATCTGCCACATCTEGTTGCACGGEUTCOCTCACATCCCAATCTCCACT TTGTCCCTGECGACATCTTTCAGTCGA
TTCCACCGGCAACTGCGETGTTTCTGARRACGGCTCTGCATGAT TGEGGTGACGATGAATGCGTGARAATCCTGARGARCTGCCGCCARGCCATT
TCGCCGTGTGATGAAGGCGGCAAAGTCATCATCATGGATATGGTTGTTGGCTATGATGAGTCCAACACCARGCGCTTGGAGGTCCAGATTCTGTT
CGATCTGTTCATCATGATGCTCAATGOTGCCOARCGGGATCAACAGCAATCGAAGRARATCTTCATTCAGGCTGGCT TCARAGACTACARARTTC
TGCCGRTAGTAGGGAGCTTGTCTGTGATTGAGGTC TATCCO TAR

FOMT5-B73 codon optimized
ATGGCCTTACTCGGGGAATACTCCAGCCAAGAGCTGCTGCAAGGGCAACTGCAGCTGTGGCATCAGTCGCTGGGCTTCTTTAAGTCACTGGCCCT
GGCCGTCGCGATGGATCTGCGCATTGCAGATGCGATTCACCGCTTGEGT GGCGCAGCGACGCTTCCGUAGATTCTGGCGGARGCGGGCATCARRA
TTGACCCTTGTAACARCARACTGCGGGACTTACGCCGTGTAATGUGCGECCCTGACCGTGAGCGEGATC T TTACGGTCGTACAACGT CCAGCGAGT
TCGTCCGATGECGETGGCCETCGTGETGCTGAAGCGGRAGGTCCGGTTTACAARCTGACAGCGGCCTCTCGCT TACT GETAGT TGGCGAGARRGA
GTCGTCTACTACCGCCACTACCCGTCAATTGCCGCCGCCGCCTTCTTTARCGGTGTATGTGCAGCTGTTGCTGGRAACCTGTCGCGGCAGTGCGT
TTAGTCGTGCTGTTCGCGAGTGGTTCCAAT TCCARCAGCCGCUCACAGGACGATGGTCAGCATCAGCAGCCAGCTGGCCGTCTTAGCAGTCCCTTT
GCCTTGGCATGTGGTGGACAGACCAT TTGEGARCGTGCAGRACGCGATGCGCACGCATTTCCGT TTGACGATGCCAT GGCGTCGGATACCGCGTT
TCTGATGCCGATTGTATITACGGGAATGCGGCGATGAAGTTTTCGGTCGTGECCTTACCAGCTTGGTGGATGTTGCTGGTGGACTGGGAGGAGLGG
CCGCGACGATTGCAGCTGCTT TTCCCGATCTTAGC TGCACAGTCCTCGATCTGCCCCATGTEGT TECEARAGCAGCGGCCGGCACTACGGATAGT
RATGTCCAGTATGTGGCAGGCGACATGTTCCAGTGCATTCCGCCTGCAGATGCCGTCTTACTCARATGGAT TCTCCACGAT TGETCCGACGACGA
GTGTGTGCGTATTCTGAAGARCTGCARACAGGCTATTCCGCCACGCECTGCCGETGGEARAGTGATTATCATCGACATGGTGGTTGCGEGTCCTG
GCTCAGGGTCCGCAGATEATGAACCGAGCGAAAGCGATCTGCGCCATGTCGARAACCCAGATCTTGTTTGATCTGCTGATGATGTGCGTGAATGGT
GTGEARCGCGACGAACARGAGTGEARGRARATCTTCTCAGAGGCCGET T TCCAGGACTATCECATCATGCCGCTCCT GEGCGTTCGCTCTATCAT
CGAACTGTACCCGAATTAA

Supplemental Figure §22. Codon-optimized gene sequences of FOMT3-B73 and FOMT5-B73
synthesized for expression in E. coli. Synthetic genes were inserted in the pUC57 vector.
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F2H1-W22 codon optimized
ATGGAAGCTGATGCTGCTGCTGCAGCTGCTTCTGGTGGT TTGGCTTTGTTGCCAGSTGT TTTGT TGTTGETTGCTTTGTCTACTTTGGTTTTCTC
TACCTGGTCTARCAGAARCTCTAGATTGCCACCATCTCCARTGGCTTTGCCATTGATTGGTCACTTGCATT TGATTAGACCACCACCACATAGAG
CCTTCGATAGAATTTTGECTAGATATGGTCCATTGGTCTACTTGAGAT T GGGTCCATC TACTCATTGTGTTGT TGCT GETACTGCAGATGCTGCT
AGAGATTTGTTGARACATGAAGCCTCTAT TCCAGRAAGACCAT TGACTGCTGT TACTAGACATT TGGCTTATGATGATGCTGGTTTTGCTTTTGE
TCCATATGCTGCTCAT TGGAGGTT TATGARGAGAT TCTGCATGTCCCAATTATT GGG TCCTAGRACTCTTGATCART TCAGGCCAGTTAGAGARG
CTGRATTGGCTGCTGTTTTGGAAGCTGCTAGRCAAGCTGCTGCCGCTAGAGAACCTATTGATGTTTCARGACATCTGATCTCCATGTCCAACAAC
GCTATTATGAGRATGGTTGCTTCTGCTTTGCCAGGTCACATGACTGAAGC TGCARGAGATTGCGCTARACATGTTGCTGAATTAGTTGGTGCCTT
TAACGTTGAAGATTACGTTGGTTTGTGTAGAGGTTGGGACT TGCAAGGT TTGAC TAGRAGAAC TAGAGAAGTCAGAGATAAGTTCGATGCCTTGT
TGGARAT TATGATCACCGGTARAGAAGAGTCTAGARGAAGAAGGCACGC TACTACTGATACAGGTGGTGGTACARAAGACTTGTTGGATATATTG
ATGGATGCTGCCGAAGATGCTAATGCTGARGTTAGATTGACACGTGAARACATCAAGECTTTCCTTTTGGATATTTTCACTGCTGET TCTGATAC
AACTGCTACTICTGTTGAATGGATGTTGGCCTTGTTGAT TARCCATCCAGCTTGTATGCATARCTTGAGAGCAGAATTAGATGCAGTTCTTGETG
CATCTAGATTGGTTGGTEARCAAGATGTTCCARGATTGCCATACTTGCARGCCGTTTTCARAGARACT TTGAGATTACARCCACCAGCTGTTTTC
GCTCARAGAGARACARTTGAACCAGT TCACGTTAGAGGTTACGT TATTCCATCTAAGACCTCCGTGTTCTTCARCAT TTTCTCCATTGGTAGAGA
TCCAGGT TCTTGGGAAGATCCATTGCART TCAGACCAGAAAGAT TCATGCCAGGTGETGTTEGTGCCGGTGTTGATCCARAAGGTCAACATATGC
BATTGATGCCATTTGGITCTGGTAGAAGGECTTCTCCAGGTAT GGGTT TAGCTATCCARGCTGT TCCAGCTTT TTTGCC TGCTTTAGTTCAATGT
TTCCATTGGGAAGTTCCARTTCCACCAGGTCARTCTACTGCTCCACCAT TECGATATGGARGAAGCTGCTGGTTTGGT TACTGCTAGARAGARCCA
CTTGTTGTTGATTCCAACACCAAGATTGAATCCATTGCCAGCTAGAGCTGCTACTTAR

F2H2-W22 codon optimized

ATGGAAGCTGCTGCTGCAGT TACTCCATTGGCTTIGTTGTIGTTGCTTT TG TTGGTTAC TAGATGGCGTTGETCCTCTTCTAGARATTCTARATT
GCCACCATCACCAATGGCCTTGCCATTGATTGGTCACTTGCATTTGAT TAGAAGATTGCCACACAGATCOTTGGATAGAAT TTTGGCTAGATATG
GTCCATTGGTCTACTTGAGATTGGGTCCATCTACTCATTGCATAGTTGC TGGTACTGCTGATGCTGCTAGAGATTTGTTGAARCATGRAGCCTCT
ATTCCACARAGACCATTGACAGTTGTTGCTAGACATTTGGCTTATGATGATGCTGGTTTTGCTT TTGCTCCATATGGTGUTCATTGGAGATTCAT
GARGAGATTGTGCATGTCCGAATTAT TGGGTCCTAGARCTGTTGATCAAT TGAGGCCAGTTAGAGRAGCTGAATTGGCTGCTGTTTTGGGTGCTG
CTGCTTCTGCT TCAGCATCTGGTGAAGGTGAACCTATTGATGTTTCCAGACATCTGATC TCCATGTCCARCAATGCTAT TATGAGAATGGTTGCT
TCAGCTTTGCCAGCTCACATGACTGAAGCAGC TAGAGACTCTGC TAAACATGTTGCTGAATTAGTTGCTGCCTTCAACATCGAAGATTACGTTGG
TTTGTGTAGAGGTTGGGACTTGCARGGTTTGACTAGAAGAACTAGACARGTCAGAGATAAGTTCGATGCCT TGTTGGAAATGATGATTACCGCCA
AAGAAGARARAAGCGTAGAAGAAGGUAACAAGGTCAAGGTGATCATCATGATTTGCTGGATATTTTGATGGATGC TGUAGC TGACGARAATGC TGAR
GTTAGATTGACTAGGGARAACATCAAGGCTTTCGTTTTGGATATCTTCACTGCTGETTC TGATACAACTGCTACTTCTGTTGAATGGATGT TGGC
CTACTTGATTAACCATCCAGCTTGTATGGATARGT TGAGAGCAGARTTGGATGGIGTTGTTGGTGCATC TAGATTGGTTGETGAACAAGATGTTC
CACATTTGCCATACTTGCARGCCGTTTTCARAGAAACTTTGAGATTGCAACCACCAGCTGTTTTTGCTCARAGAGAARCAGTTGATACCGT TAGA
GTTAGAGGTTACGTTATTCCACCARAAACCTCCGTCATTTTCAACGTT TTCTCCATTGGTACGAGATCCAGGTTGCTGGCAAGATCCATTGCAATT
CAGRCCAGARAGATTCATGCCAGETGGTGCTGETGCAGGTATTGATCCARARGGTCARCATATGCAATTGATCCCAT TTGGTTCTGGTAGAAGGE
CTTGTCCAGGTATGGGTTTAGCTATGCAAGCTGTTCCAGCT TTTTTEGC TGCTT TEETTCARTGTTTTCAT TGGGCTGT TCCAATTCAACAAGGC
CAATCTARAGCTCCACCATTGGATATGGAAGAAGCTCCAGGTTTIGGTTACTGCTAGARAACATCCTTTGCTGT TGAT TCCAACTCCARGAT TGAA
TCCATTGCCATTGCARGCTACAGCTACTTGA

FNSII2-W22 codon optimized

ATGRAGGARCARCAACCTAGACCAAGACCATCCATTATGTTCGTTTTATCCTCTTTGGC TARGAACARCCCAGARGCTGTTTTGGCTTTGATTGC
TGTTGTTACTGTTGTTGCCTTGAGACACT TGATT TCATCT TGGAGACAACARGCTCCAT TGCCACCATCTCCARCATCT TTGCCAGT TATTGGTC
ACTTGCATTTGTTAAGACCACCAGTTCATAGAACCTTCCARGARTTGGC TTCTAGAATTGGTCCATTGATGCATATCAGATTGGGT TCTACTCAT
TGCGTTGTTGCATCTTCTCCAGAAGTTGCTTCTGAATTGATTAGAGCTCATGAGGGTTCCATTTCTGAARGACCATTGACTGCTGTTGCTAGACA
ATTTGCTTATGATTCTGCTGGTTTTGCTTTCGCTCCATACARTACTCAT TGGAGATTCATGARGAGGTTGT GCATGTCTGAATTATTGGGTCCAA
GAACCGTTGAACAACTARGACCAATTAGACGTGUTGGTACTGTTICTTTGT TGGGTGAT TTETTGGCTTCT TC TGO TAGAGGTGARACTGTTGAT
TTGACCAGACATTTGATCAGGTTGTCCARCACCTCCATTATTAGARTGGTTGCTTCTACTGTTCCAGGT TCTGTTACTGAT GAAGCT CARAAGGT
TGTTAAGGATGTTGCTGAATTGGTTGGTGCCTTTAACGTTGATGATTACATTGCAGTTGTTAGAGGT TGGGACTTGCAAGGTTTAAGACGTAGAG
CTGCTGATCTCCATAGAAGAT TTCATGCTTTCTTGCAGGACATCTTCAGGCACAAACAAGAAGCTAGACCAGC TAGARGAT TGGATCAAGATGAT
GGTCAAGGTATCTCTTCCARGCAAGATAAGARACARGCTACCCACTCTARGGACTTGTTGGATATTTTGATGGATAAGGCTGARGATCARGCTGC
CGAAGTTAAGTTGACTAGAGRARACATTAAGGCCTTCATCATCGATGTTGTTACAGCTGGTTCTGATACTTCTGCTGCTAT GGTTGAATGGATGT
TGGCAGAATTGATGAACCATCAAGARACCT TGAGAAAGGTCGTTGAAGAAATTGATGCCGI TGTIGGTGGTGATAGAAT TGCTAGT GAAGCTGAT
TTGCCAAGATTGCCATATTIGATGGCTGCT TACARAGAGACTTTGAGAT TGCAT CCAGC TGCTCCAATTGCTCATAGACAATCTTCAGAAGARAT
GGTCGTCAGAGGTTTTACAGT TCCACCACARACTGCTGTTTTCATTAACGTTTGEGCTATTGGTAGAGATCCAGCTTAT TGGGAAGARCCATTGG
CTTTTAGACCAGARAGATTCATGCCAGCTGGTGCTGCTGAATCTTTCGAACCTAGACGTCARCATTTTCAGTACATGCCATTTGCTTCTGGTAGA
AGAGGATGTCCAGETATEGETTTAGCTTTACAATC TGTTCCAGCTGTTT TAGCCGCTTTGGTTCARTGTTTCCATTGGGCTACTGT TGATGGTGA
TGGETEGTGTARACAAGATCGATATGTCAGAATCTGATGGTT TGGTTTGCGCTAGARRARAAGCCTTTGCTAT TAAGACCARCTCCARGGTTGACTC
CATTTCCAGCAGTTGTTTAR
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Zm00004b039147 codon optimized
ATGGAAGAACAACAATTGAGAGCCAGACCARATATGATGGTCT TATCT TCTTTGECCARGARCAATCCACARGCTGTTTTGGCTITGATTGCTTT
CGTTACTGTTGTTGCCTTGAGACACTTGATTTCATCTTGGAGACARCATGGTAGATTGCCACCAGGTCCARCATCTTTGCCAGTTATTGGTCACT
TGCATTTGTTAAGACCACCAGTTCATAGAACCTTGCARGAATTGGCTTCTAGAATTGGTCCATTGATGCATAT CAGATTGGGTTCTACCAATTGC
GTTGTTGCATCTTCTCCAGRAGTTGCCTCTGAAT TGATTAGAGGTCAT GARGGTTCART TTCCGCTAGACCTT TTACTGCTGTTGCTAGAAAGTT
CTCTTATGATTCTGCTGETTTCGTGT TCGAACCAT ACAATACT CATTGGAGATTCATGAAGAGE T TGTGCATGTCTGAATTATTGGGTCCAAGAR
CCOTTGARCAACTAAGACCAGTTAGAAGGGCTGTTACTGTTTCTTTGGT TTCTGATTTGTTGGCTTCT TCTGC TAGAGGTGARACTGTTGATATT
ACCAGACATTTGATCAGGTTGACCARCACCTCCATTATTAGRATGGTTGCTTCTACCGT TTCTGGTTC TGT TACTGATGAAGCTCATGARTTGGC
TAAGGCCGTTATTGAAGTTGTTGGTGCTTTTAACGT TGACGAT TACAT TGCTGT TGTTAGAGGTTGGGATTTTCARGGT TTGGGTAGAARAGCTG
CTGATGTCCATAGRAGATTTGATGCCTTGTTGGAGGATATC TTGAGGCACARAGARGRAGC TAGAGC TGCTAGAAGATTGGACGATGGTCATGGT
ARACAAGCTACTCATTCTARGGACTTGTT GGACATCTTGATGGAT AAGGCTGAAGATCCAGC TGO TGAAGT TAAGT TCACT AGAGAARACAT TAR
GGCCTTCGTTATCGATGTTGTTACCTCTGGTTCAGATACTTCTGCTGCTATGGCTGART GGATGTTGGCAGARATTGATGARTCATCCAGRAACCT
TGAGABAGGTCGTTGARGARATTGATGCTGT TGTAGGTGGTGGTAGAAT TGCTTC TGAAGC TGATTTGCCACAATTGCCATATTTGATGGCCGTT
TACAARGACACTTTGAGATTGCATCCAGCTGETCCARTTGC TCATACACAATCTACTGARGAAATGGTTGT TCATGGTT TCACTGTTCCACCACA
ATCCACTGTTTTGATTCATGTTTGGGCTATTGGTAGAGATCCAGCATAT TGGGAAGAACCTTTGTTGT TTAGACCAGAARGATTCATGCCAGGTG
GTGCTGECTCAATCTTTGEAGCCARGACGTARACAT TTTCACTACATTCCATTCGOTTC TG TAGARGAGCATGTCCAGGTATGGCT TTAGC TATG
CAATCTGTTCCAGCAGTTGITGCTGCATTGETTCARTGTTTTCATTCETCTACTCTTCATGETCCTATCCATARGAT CCACATCTCAGRATCTGA
TGGTTTGGTTTGCGCTAGERARRAGCCTTTGCTAT TARGACCARCCTCCAGATTGACTCCATTTCCACCTGTTGTTTGA

Zm00004b033036 codon optimized
ATGGAAGTTGTTACCGCTAGGGAATTGAT TAACCCAACT GETTTGCCAATCTTGTTET TGETTGCTGETTTGACTGTTT TCTACGTTTTGCGTAG
BAGATCATCTGGTGGT TTGAGATTGCCACCATCTCCATT TGCT TTGCCAGT TTTGGETCACTTGCATTTGT TGGCTCCATTGCCACATCAAGCCT
TGCATAGATTGGCTGCTAGACATGGTCCTTITCTTGTATTTCAGATTAGGTTCCATGCCAGCTATTGCTGCTTGTTCTCCAGATCCTGCTAGAGAA
GTTTTGARAACTCATGAAGCTGCTTTCTTGGATAGACCARARCCTACTGCTGTTCATAGATTGACTTATGGTGGTCARGACTTCTCTTTTTCTCC
ATATGGTCCTTATTGGAGGT TTATGAAGAGGGCTTGTGTTCATGAATTATTGGC TGGTAGARCCTTGGARAGATTGAGACATGT TAGAAGGGARG
AAGTCTCTACGATTCGTTGGT TCTTTGTCTAGATCTGCTGETGATGETCCTGCTGTTCATGT TGATCGCAGTTTTGATGCCTGT TACCGETGATATT
ATCTCCAGAATGGTTATETCTAGAAGATGGACTGGTGATGATTCTACT ACCGAAGAART GAGATCTTIGGT TGCAGARACT GCTGAATTGACTGE
TACTTTCAACT TGCAAGATTACATCGGTATGTTCAAGCACTGGGATCT TCARGGTTTGGGTAARAGAAT TGATGCCGTTCACAGAAAGTTCGATG
CTATGATGGAARGAATTTTGACCGCTAGAGATGC TGARAGARGGTGTAGAAGAARAGGTGCTGCAGATGGTGCCGGTGAAGGTCATARGAAAGAT
TTGTTGGATATGCTGTTCGATATGCACGAAGATGARGGTGCTGARATGAGACTAACTAGAGATAARCATTAAGGCCTTCATGCTGGATATTTTTGC
TGCTEGTACTGATACCACTACCATTACTT TGGAARTGGGC TTTGTCTCGAGT TGAT TARCAATCCAGUTGT TT TGAGRAGGGC TCAAGC TGARTTGE
ATGCAGCTGITGGTGCTTCTAGAT TAGCTGATGAATCTGATAT TCCACGTTTGCCATAC TTGCAAGCTATT GCCARAGAAACTT TAAGATTGCAT
CCAARCCGGTCCATTGGTTGTTAGARGATCTATGGCTCCATGTAACGTT TCTGGTTATGATGTTCCAGCTGEGTGCTACTGTT TTTGTTAATGTTTG
GGCTATTGGTAGAGATCCAGCTTGTTGGGCTCCAGATCCATTGGCTTT TAGACCTGARAGATTCTTGGARGAGGAAGGTGGCGGAGARTCAGCTG
GTTTGGATCTTAGAGGTCARCATTTTCATTTGTTGCCATTCGGT TCCGGTAGARGAAT TTGTCCAGGTGCTTCTTTGGC TATGTTGGTTGTTCAA
GCTGCATTAGCTGCTATGTTGCARTGTTTTGAATGGACTCCAGT TGETGGTGCTCCAGT TGATATEGARGAAGGTCCAGGT TTGACTTTGCCARG
AAABRGACCATTGGTCTGTACTGTTAAGGCTAGATTGCACCCATTGCCAGTITCCAGCCGCTGCTGUTGATAATGGTGTTGAAGAARCCGCTGGTG
TTTGA

Supplemental Figure $23. Codon-optimized gene sequences of CYP93G candidates
synthesized for expression in S. cerevisiae. Synthetic genes were inserted in the pMA-T vector.
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Supplemental Table 81. P-values of t-test analysis to determine statistical significant differences of
flavonoid content between treatments obtained by the LC-MS measurements shown in Supplemental
Figure 1B. T-test was performed as implemented in the MetaboScape 4.0 software (Bruker Daltonics).
na, not available.

RT P-value (Rank) P-value (Rank)

Compound (min) m/z quan. ion B75 w22
Apigenin* 8.25 271.06012 [M+H]* 0.003948 0.000778
Naringenin chalcone* 8.12 273.07572 [M+H]* 0.010406 0.000778
Naringenin® 8.31 273.07558 [M+H]* 0.003948 0.000778
5-O-Methylapigenin** 6.24 285.07584 [M+H]* 0.003948 0.000778
Genkwanin* 10.61 285.07580 [M+H]* 0.003948 na
Luteolin* 7.35 287.05502 [M+H]* 0.003948 0.000778
Flavonoid aglucone 4.83 287.09140 [M+H]* 0.003948 0.000778
5-O-Methylnaringenin* 6.35 287.09156 [M+H]* 0.003948 0.000778
Flavonoid aglucone 7.24 287.09141 [M+H]* 0.003948 0.000778
Flavonoid aglucone 9.25 287.09153 [M+H]* 0.003948 0.000778
Dihydrokaempferol* 6.53 287.05618 [M-H) 0.003948 0.000778
2-OH-Naringenin** 7.00 289.07083 [M+H]* 0.003948 0.000778
5,7-0-Dimethylapigenin** 7.88 299.09161 [M+H]* 0.003948 na
5-O-Methylluteolin*** 5.65 301.07103 [M+H]* 0.003948 0.000778
5-0O-Methylscutellarein** 5.92 301.07112 [M+H]* 0.003948 0.000778
7-O-Methylscutellarein** 7.51 301.07120 [M+H]* 0.003948 0.001131
Flavonoid aglucone 8.42 301.07108 [M+H]* 0.003948 0.000778
Flavonoid aglucone 4.18 303.08649 [M+H]* 0.003948 0.002322
5-O-Methyldihydrokaempferol***  5.67 303.08633 [M+H]* 0.003948 0.000778
O-Methyl-2-OH-naringenin*** 8.03 303.08647 [M+H]* 0.003948 0.000778
O-Methyl-2-OH-naringenin*** 10.24 303.08649 [M+H]* 0.003948 0.000778
Taxifolin* 5.69 303.05109 [M-H] 0.003948 0.000778
Flavonoid aglucone 6.15 315.08639 [M+H]* 0.003948 na
Flavonoid aglucone 6.39 315.08656 [M+H]* 0.003948 0.000778
5,7-0-Dimethylscutellarein** 6.64 315.08660 [M+H]* 0.003948 na
O-Dimethylluteolin*** 10.84 315.08618 [M+H]* 0.003948 na
Xilonenin tautomer 1** 6.95 317.10205 [M+H]* 0.003948 0.000778
Xilonenin tautomer 2** 8.46 317.10197 [M+H]* 0.003948 0.000778
5-O-Methyltaxifolin*** 4.96 319.08117 [M+H]* 0.003948 0.001131
Flavonoid aglucone 6.12 331.08100 [M+H]* 0.003948 na
Flavonoid aglucone 6.20 331.08124 [M+H]* na 0.001131
Flavonoid aglucone 7.58 329.06674 [M-H] na 0.000778
5,7-0-Dimethylquercetin*** 7.70 331.08139 [M+H]* 0.003948 na
Flavonoid aglucone 7.46 333.09688 [M+H]* 0.003948 na
Flavonoid aglucone 7.59 331.08207 [M-H} na 0.000778
Flavonoid aglucone 4.39 337.06555 [M+H]* 0.003948 0.000778
Flavonoid aglucone 6.80 345.09700 [M+H]* 0.003948 0.000778
Flavonoid aglucone 10.67 345.09713 [M+H]* 0.003948 na
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Supplemental Table S2: see Supplemental Tables (Excel file)
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Supplemental Table §3. MaizeGDB/GenBank accessions and references corresponding to Figure 2D
and Supplemental Figure S6.

MaizeGDB/GenBank

Name Plant species accession Reference

ZmBX10 Zea mays Zm00001d029359

ZmBX11 Zea mays Zmo00001d029356 Meihis et al., 2013
ZmBX12 Zea mays Zm00025ab019610

ZmBX14 Zea mays Zm00001d004921

ZmBX7 Zea mays Zmo00001d049179 Jonczyk et al., 2008
ZmOMT1 Zea mays Zm00001d049541; Zhou et al., 2008; Collazo et al., 1992
(ZMFOMT1, ZMCOMT1) EF586877 / M73235

ZmFOMT2 Zea mays Zm00001d047192 this work

ZmFOMT3 Zea mays ZmQ00001d047194 this work

ZmFOMT4 Zea mays Zm00001d048087 this work

ZmFOMTS5 Zea mays Zm00001d051934 this work

ZmAAMT1 Zea mays HM242244 Koliner et al., 2010
ZmAAMT2 Zea mays HM242246 Koliner et al., 2010
ZmAAMT3 Zea mays HM242247 Kéliner et al., 2010
ZmOMT8 Zea mays HM242248 Kéliner et al., 2010
ZmZRP4 Zea mays Zmo00001d049020 !

ZmCCoAOMT1 Zea mays Zm00001d036293 Lietal,h 2013
ZmCCoAOMT2 Zea mays Zm00001d045206 Wang et al., 2016
HVF1-OMT Hordeum vulgare X77467 Christensen et al., 1998
HvOMT1 Hordeum vulgare EF586876 Zhou et al., 2008
TaOMT2 Triticum aestivum DQ223971 Zhou et al., 2006 (2)
OsNOMT Oryza sativa AB692949 Shimizu et al., 2012
OsROMT9 Oryza sativa DQ288259 Kim et al_, 2006
Ms7IOMT Medicago sativa AF000976 Heetal., 1998
MsI2’0MT Medicago sativa L10211 Maxwell et al., 1993
MHOMT2 Medicago truncatula DQ419910 Deavours et al., 2008
MHOMT7 Medicago truncatula DQ419914 Deavours et al., 2006
GeD70MT Glycyrrhiza echinata AB091685 Akashi et al., 2003
GeHI4'OMT Glycyrrhiza echinata AB091684 Akashi et al., 2003
LjHI®OMT Lotus japonicus AB091686 Akashi et al., 2003
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Supplemental Table S3 continued.

MaizeGDB/GenBank

Name Plant species accession Reference
MxpOMT1A Mentha x piperita AY337457 Willits et al., 2004
MxpOMT2 Mentha x piperita AY337459 Willits et al., 2004
MxpOMT3 Mentha x piperita AY337460 Willits et al_, 2004
MxpOMT4 Mentha x piperita AY337461 Willits et al., 2004
ObOMT1 Ocimum basilicum JQ653275 Berim et al., 2012
ObOMTS Ocimum basilicum JQB53279 Berim et al., 2012
ObOMTE Ocimum basilicum JQes53280 Berim et al., 2012
Pa4’OMT Plagiochasma appendiculatum KY977687 Liu etal., 2017
CroOMTE Catharanthus roseus AY343490 Schroder et al., 2004
CroOMT2 Catharanthus roseus AY127568 Cacace et al., 2003
CaFOMT? Chrysosplenium americanum U16794 Gauthier et al., 1996
CaOMT2 Chrysosplenium americanum u16793 Gauthier et al., 1998
AtOMT1 Arabidopsis thaliana U70424 Zhang et al_, 1997
CdFOMTS Citrus depressa LC126059 ltoh et al., 2016
CreOMT2 Citrus reticulata / Liu et al., 2020
VpOMT3 Vanilla planifolia DQ400400 Li et al., 2006
ShMOMT1 Solanum habrochaites JF499656 Schmidt et al., 2011
ShMOMT2 Solanum habrochaites JF499657 Schmidt et al., 2011
SIMOMT4 Solanum lycopersicum KF740343 Kim et al., 2014
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Supplemental Table S4. NMR structure elucidation of 5-/7-O-methyl- and 5,7-O-dimethyl-flavonoids.

pos. 3y muit. , 1, [Hz] S¢
1 - - -
2 5.35 dd, 2.7/12.9 79.5
3a 2.95 dd,12.9/16.3 46.1
3b 2.57 dd,2.7/16.3 46.1
4 - - 188.0
5 - - 163.5
6 6.13 d,2.0 93.8 . L
. ) i 165.7 5-0-methyl naringenin in acetone-d,
8 6.05 d,2.0 96.4
8a - - 164.4
4a - - 105.9
1' - - 131.0
2' 7.36 d, 8.5 128.6
3 6.88 d,8.5 115.9
4' - - 158.5
5' 6.88 d, 8.5 115.9
6' 7.36 d,8.5 128.6
5-OCH; | 3.79 s 55.8
pos. Sy mult. , ,, [Hz] 3¢
1 - - -
2 5.48 dd, 3.0/12.9 79.8
3a 3.21 dd, 12.9/17.2 43.3
3b 2.75 dd, 3.0/17.2 433
4 - - 197.3
5 - - 164.1 OH O
6 6.04 d,22 94.3 7-O-methyl naringenin in acetone-d;
7 - - 168.5
8 6.03 d,2.2 95.1
8a - - n.d.
4a - - 103.8
1 - - 130.4
2' 7.39 d,8.5 128.8
3 6.89 d,8.5 115.9
4 - - 158.5
g 6.89 d,8.5 115.9
6' 7.3 d, 8.5 128.8
7-0CH, | 3.84 s 56.0
50H | 12.13 s -
4-0H | 855 s -
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pos. 3y muit. , ), [Hz] 8¢

1 - - -
2 5.37 dd, 2.8/12.9 79.6
3a 3.21 dd, 12.9/16.3 45.8
3b 2.75 dd, 2.8/16.3 45.8
4 - - 187.8
5 - - 162.9
6 6.17 d,2.3 94.1 , _ —
7 ) ) 166.2 5,7-O-dimethyl naringenin in acetone-d,
8 6.14 d,2.3 94.1
8a - - n.d.
4a - - 106.2
1' - - 130.9
2 7.37 d,8.5 128.8
3 6.88 d,85 115.9
q - - 158.3
5' 6.88 d,85 115.9
6' 7.37 d,85 128.8

5-OCH; 3.81 s 55.8

7-OCH; 3.84 s 55.8

4'-OH 8.50 s -

pos. Sy mult., Jyy[Hz] S¢

1 - - -
2 - - 161.2
3 6.46 s 106.5
4 - - 177.5
5 - - 161.9
6 6.42 d,22 94.1
7 - - 163.5 .
3 6.58 d,2.2 95.9 5-0-methyl apigenin in acetone-d,
8a - - 160.2
4a - - 107.8
1' - - 123.0
2 7.83 d, 8.8 128.6
3 6.97 d,8.8 116.6
4 - - 161.9
5 6.97 d, 8.8 116.6
6' 7.83 d,8.8 128.6

5-0OCH, 3.84 5 56.0
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pos. Sy mult., ), [Hz]
1 - -
2 - -
3 6.67 5
a4 - -
5 - -
6 6.32 d,2.2 OH O
7 - N 7-O-methyl apigenin in acetone-d,
8 6.69 d, 2.2
8a - -
da - -
1' -
2' 7.96 d,89
3 7.03 d, 89
g ;
5' 7.03 d, 8.9 The identification was accomplished by
6 7.96 d,89 comparison of the 'TH NMR data with
7-OCH; | 3.92 s that of an authentic reference standard.
pos. oy mult. , 1, [Hz] 5¢
1 - - -
2 - - 161.2
3 6.45 s 107.3
4 - - 176.5
5 - - 161.7
6 6.47 d,2.2 96.6
7 - - 164.8 X —
P 6.75 d.2.2 93.8 5,7-0O-dimethyl apigenin in acetone-d,
8a - - 160.3
43 - - 110.0
1 - - 123.3
2 7.87 d,89 128.3
3 7.00 d,89 116.5
q' - - 161.3
5 7.00 d,89 116.5
6' 7.87 d,89 128.3
5-0OCH, 3.86 s 56.2
7-OCH; | 3.9 s 55.1
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pos. Oy mult. , 1, [Hz] S
1 - - .
2 - - 163.6
3 6.56 s 105.5
4 - - 179.6
5 - - 145.6
6 - - 138.3
7 - - 154.1 —
8 6.80 s 100.2 5-0-methyl scutellarein in methanol-d;
8a - - 153.2

4a - - 111.5

1 - - 123.2

2' 7.82 d,8.8 128.7

3 6.92 d,8.8 116.6

4 - - 162.1

5' 6.92 d,8.8 116.6

6' 7.82 d,8.8 128.7

5-OCH; | 3.85 s 62.6
pos. &y mult., 1, [Hz] S¢

1 - - -

2 - - 163.8

3 6.66 s 102.8

4 - - 181.6

5 - - 154.6

6 - - 130.8 OH O
7 ° : 154.0 7-O-methyl scutellarein in acetone-d;
8 6.87 s 90.8

8a - - 150.6

4da - - 105.4

1 - - 122.7

2 7.96 d, 8.8 128.3

3 7.05 d,88 116.2

4 - - 162.1

5' 7.05 d, 8.8 116.2

6' 7.96 d, 8.8 128.3

7-OCH; | 3.99 s 55.9
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pos. By mult., )., [Hz] 8¢
1 - - -
2 - - 161.2
3 6.50 5 105.9
4 - - 176.1
5 - - 144.5
6 - - 137.5
7 - - 153.0
8 7.09 s 96.6
8a - - 151.7
da - - 112.5
1' - - 123.0
2' 7.90 d,8.8 127.8
3 7.01 d,8.8 115.8
4 - - 160.0
5' 7.01 d,8.8 115.8
6' 7.90 d, 8.8 127.8
5-OCH, | 3.87 s 61.3
7-OCH; 4.00 s 55.9
pos. Sy mult. , ), [Hz] d¢
1 - - .
2 - - 155.6
3 - - 138.3
4 - - n.d.
5 - - 163.1
6 6.24 d,2.1 98.9
7 - - 165.3
8 6.47 d, 2.1 93.8
8a - - 157.3
4a - - 104.5
1 - - 121.7
2 8.01 d,89 127.8
3 7.01 d,8.9 115.9
q - - 160.2
5' 7.01 d,8.9 115.9
6' 8.01 d,89 127.8
3-OCH; | 3.86 s 59.5

5,7-O-dimethyl scutellarein in acetone-d;

OH O |

3-0-methyl apigenin
(isokaempferide)
in acetone-d;
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pos. Oy muit,, ), [Hz] 8¢
1 - - -
2 - - 102.9
3a 2.83 d, 16.8 49.7
3b 3.20 d, 16.8 49.7
4 - - 196.4
5 - - 164.7 OH ©
6 2.96 d, 2.0 96.6 2-hydroxy naringenin in methanol-d,
7 - - 167.2
8 5.99 d,2.0 96.8
8a - - 161.8
da - - 102.9
1 - - 134.6
2' 7.54 d,87 127.7
3 6.88 d,87 115.6
4 - - 158.6
5' 6.88 d,8.7 115.6
6' 7.54 d,87 127.7
5-OH 12.10 s -
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Supplemental Table $5. Product formation of maize OMTs with different substrates. Data belong to
the experiment shown in Figure 3. Enzyme assays were performed with substrate (A) naringenin.

Rate of product
Substrate Analyte Enzyme Mean area SE :Z;;?iit;ﬂ: (::gst
active enzyme
EV nd - -
. FomT2 45401370.0  1520553.3  100.000
S FOMT3 43086707  366608.5 9.490
2  FOMT4 nd - -
& FOMT5 nd - -
¢ Bexwo 35527.7 2533.6 0.078
Q  BXNM 19946.3 751.0 0.044
®  Bx12 384273 42614 0.085
BX14 nd - -
EV nd - -
FOMT2 nd - -
_ FowmTs nd - -
Z  FOMT4 20238949.0  120674.6 100.000
£ § FOMTS 59594.0 2828.9 0.294
> 2 Bxiwo 68111.7 9895.7 0.337
E ® BX11 33719.7 5051.9 0.167
BX12 738423 3920.3 0.365
BX14 nd - -
EV nd - -
FOMT2 nd - -
£ FOMT3 nd - -
§ FOMT4 nd - -
T FOMT5 nd - -
T FOMT2+4 1268022.0 372586 100.000
Z  FOMT4+2 6315383 8818.4 49.805
3  BX10 nd - -
= oBX11 nd - -
BX12 nd - -
BX14 nd - -
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Supplemental Table S5 continued. (B) apigenin.

Rate of product
formation (%)

Substrate Analyte Enzyme Mean area SE relative to most
active enzyme
EV nd - -
FOMT2 33210895.0  1280700.4 100.000
E FOMT3 1225440.0 68099.8 3.690
& FOMT4 nd - -
:?.: FOMT5 nd - -
= BX10 96205.0 2070.0 0.287
2 BX11 96935.3 5771.2 0.292
BX12 116276.0 116961 0.350
BX14 70209.3 3049.2 0.211
EV nd - -
FOMT2 nd - -
FOMT3 nd - -
E FOMT4 31123877.7  652404.0 100.000
£ E FOMT5 nd - -
8 g BX10 nd - -
& BX11 nd - -
BX12 nd - -
BX14 nd - -
EV nd - -
FOMT2 nd - -
< FOMT3 159683 1665.7 22.983
§ FOMT4 nd - -
a  FOMT5 nd - -
2 FOMT2+4 69479.3 3485.8 100.000
a FOMT4+2 34356.0 17416 49.448
S BX10 33042.3 3200.0 47.557
» BX11 111157 11154 15.989
BX12 41505.7 7624 59.738
BX14 nd - -
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Supplemental Table S5 continued. (C) scutellarein

Rate of product
Substrate Analyte Enzyme Mean area SE :z;:iigﬁz (orﬁ())st
active enzyme
EV nd - -
- FOMT2 16750983.3  304101.2 100.000
g FOMT3 108764.7 8348.8 0.649
s FOMT4 nd - -
3 FOMT5 nd - -
é BX10 15653.0 24347 0.093
S BX11 - - -
% Bxi2 - - -
BX14 nd - -
EV nd - -
c FOMT2 216538.7 12953.1 0.934
. g FOMT3 176534.3 13467.1 0.761
@ T  FOMT4 23189739.3  461690.8 100.000
% 3 FOMTS nd - -
§ § BX10 191362.3 5027 8 0.825
3 BXIf - - -
™~ oBXx12 - - -
BX14 6156.3 172.1 0.027
EV nd - -
FOMT2 26008.3 1882.4 0.113
FOMT3 nd - -
% FOMT4 nd - -
E  FoMTS 23059117.0  650611.1 100.000
2 BX10 8545.0 970.9 0.037
BX11 - - -
BX12 - - -
BX14 nd - -

Supplemental Table S5 continued. (D) DIMBOA-GIc

Rate of product
Substrate Analyte Enzyme Mean area SE form_atlon (%)
relative to most
active enzyme
EV nd - -
FOMT2 nd - -
© o  FOMT3 nd - -
0 Q  FomT4 nd - -
< <
g 8 FOMT5 nd - -
= E BX10 374763 4382.2 66.949
a = BX11 24555.7 2428.6 43.867
BX12 559773 34931 100.000
BX14 55563.3 810.8 9.921
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Supplemental Table S6. GenBank accessions and references corresponding to Figure 4B.

MaizeGDB/GenBank

Name Plant species accession Reference

CYP93G5 (B73) Zea mays GRMZM2G 167336 Morohashi et al., 2012
CYP93G5 (W22) Zea mays Zm00004b033614 this work

CYP93G15 (W22) Zea mays Zm00004b010826 this work

CYP93G7 Zea mays GRMZM2G 148441 Righini et al., 2019
CYP33G10 (W22) Zeamays Zm00004b008124 this work

CYP33G3 Sorghum bicolor XM_002461241 Du et al,, 2010b
CYPI3G1 Oryza saliva AK100972 Lametal, 2014
CYP93G2 Oryza sativa AK099468 Du et al,, 2010a
CYP93B16 Glycine max FJ767774 Fliegmann et al., 2010
CYP393B10 Medicago truncatula AC146789 Zhang et al., 2007
CYP93B11 Medicago truncatula DQ354373 Zhang et al., 2007
CYP93B1 Glycyrrhiza echinata AB001380 Akashi et al., 1998
CYP33B2 Gerbera hybrida AF156976 Martens and Forkmann, 1999
CYP93B13 Gentiana triflora AB193314 Nakatsuka et al., 2005
CYP93B6 Perilla frutescens AB045592 Kitada et al., 2001
CYP93B4 Torenia hybrida AB028152 Akashi et al., 1999
CYP393B3 Antirrhinum majus AB028151 Akashi et al_, 1999
CYP93B23 Ocimum basilicum JX162213 Berim et al_, 2013
CYP33B80 Scutellaria baicalensis KT963453 Zhao et al., 2016
CYP93B81 Scutellaria baicalensis KT963454 Zhao et al_, 2016
CYP93B82 Lonicera japonica KU127576 Wuetal, 2016
CYP93B83 Lonicera japonica KU127578 Wuetal, 2016
CYP93B84 Lonicera macranthoides  KU127580 Wuetal, 2016
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Supplemental Table S7: see Supplemental Tables (Excel file)
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Supplemental Table S8: see Supplemental Tables (Excel file)
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Supplemental Table S9. Statistical values for the analysis of the amount of non-O-methylated- and O-
methylated flavonoids in different maize lines according to treatment, duration of treatment (day), and
the interaction between treatment and its duration corresponding to the experiments shown in Figure
5A and Supplemental Figure S15. Values in bold indicate significant differences (P < 0.05). Depending

which statistical test was used F-values or Likelihood ratios are given. F-values are given in italics.

Maize Leaf Flavonoid Statistical Variance Trans- Likelihood ratio/
line segment type test used structure formation Factor P-value
treatment 1.119 0303
r(])?nm-ethyl ateq ANOVA none day 0889 0357
B75 upper treatment.day 1.036 0.321
treatment 0.183 0.669
O-methylated gls* day log day 5537 0.019
treatment:day 6.380 _ 0.012
treatment 213.755 <0.001
B?Fnethylated ArovA s ?r?;lment'day igig ggg?
Brs  middle treatment 299.102 <0.001
O-methylated ANOVA log day 103.5017 <0.001
treatment:day 0013 0911
non- treatment 2.581 0.108
O-methylated gls* day log day 5014 0.025
B75 lower treatment:day 0.066 0797
treatment 0.234 0629
O-methylated gls* day-treatment log day 12.835 <0.001
treatment:day 13.147 <0.001
non treatment 18.120 <0.001
‘ ANCVA log day 0.267 0613
"S'{:\tf’ergt soper O-methylated treatment:day 0635 0432
i\lugget‘ treatment 8.367  0.007
O-methylated ANOVA log day 0.461  0.502
treatment:day 0.604  0.443
non treatment 14.052 <0.001
Is* day-treatment none da 4.855 0.028
Hybrid = O-methyiatec © ’ treitment:day 15.459 <0.001
Sweet middle
Nugget treatment 56.102 <0.001
O-methylated gls* day-treatment log day 0.011 0.916
treatment.day 9.091 0.003
non treatment 6.836 0.009
Is* treatment lo da 0.310 0.578
';Vb”d ‘ O-methylated ¢ ? tre)z;lment:day 1277 0.250
N:‘;Ze;r ower treatment 10.955 <0.001
O-methylated gls* day-treatment log day 3.805 0.051
treatment:day 6.398  0.011
non- treatment: 309.744 <0.001
Omenyatea "V " remmentds "en0s o0m0
. -day 3 .
wez - middle treatment 251.700 < 0.001
O-methylated ANOVA log day 231.600 <0.001
treatment:day 2.237  0.146
treatment 299.930 <0.001
r(])?nm-ethylated ANOVA log day 24126 <0.001
B73 middle treatment:day 8.544  0.007
treatment 50.882 <0.001
O-methylated gls* day-treatment log day 12.482 <0.001
treatment:day 3.204 0.074

*gls, generalized least squares; The varldent error structure for each day-treatment

combination (day-treatment), or just for each treatment (treatment) was used.
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Supplemental Table $10: see Supplemental Tables (Excel file)
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Supplemental Table S11: see Supplemental Tables (Excel file)
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Supplemental Table $12. MS settings used for the analysis on the timsTOF mass spectrometer.

ESl ion source settings

lonization mode: positive positive negative negative
Capillary voltage: 4500 v 4500 V 3500 V 3500 v
Drying gas (nitrogen): 8 L/min, 280°C 8 L/min, 280°C 8 L/min, 280°C 10 L/min, 230°C
Nebulizer gas (nitrogen): 2.8 bar 2.8 bar 2.8 bar 1.8 bar
Aquisition parameters
Scan mode: full auto MS/MS full auto MS/MS

. alternating alternating
Collison energy: - 20 eV/50 eV, - 20 eV/50 eV
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Supplemental Table $13. MS settings used for the analysis on the QTRAP 6500+.

Turbospray ES| ion source settings

Analytes flavonoids gr;::;?::s benzoxazinoids
lonization mode: positive negative negative

lon spray voltage: +5500 V -4500 vV -4500 V

Turbo gas temperature: 650°C 650°C 650°C

Curtain gas: 40 psi 40 psi 40 psi

Collision gas: medium level medium level medium level
Nebulizer gas: 60 psi 60 psi 70 psi

Heating gas: 60 psi 60 psi 70 psi
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Supplemental Table S14. Mass analyzer settings used for the analysis of flavonoids and additional
phenylpropanoids on the QTRAP 6500+. Retention time (RT) was used to distinguish between
compounds with the same MRM transition. Compounds marked with (*) were verified by an authentic
standard. Abbreviations: Me, methyl; DP, declustering potential; EP, entrance potential; CE, collision

energy; CXP, collision cell exit potential; V, volts.

Flavonoid / phenylpropanaid {‘:;in) ,“:')?ZM transition oy EP(V) CE(V) CXP (V)
Caffeic acid* 3.01 181 [M+H]* > 163 6 5 13 24
O-Me-Caffeic acid-1 - 195 [M+H]* = 180 50 5 10 6
O-Me-Caffeic acid-2 - 195 [M+H]* > 162 50 5 20 6
Resveratrol* 545 229 [M+H]* > 107 51 5 27 14
O-Me-Resveratrol 7.23 243 [M+H]* > 107 50 5 30 6
Chrysin* 8.36 255 [M+H]* - 153 20 5 51 12
5-0-Me-Chrysin 6.40 269 [M+H]* = 254 50 5 35 6
Apigenin* 6.63 271 [M+H]* > 153 50 3.5 41 4
Genistein* 6.66 271 [M+H]* > 153 50 35 41 4
Naringenin chalcone* 6.51 273 [M+H]* = 163 46 3 29 4
Naringenin* 6.64 273 [M+H]" => 153 41 4.5 31 4
5-O-Me-Apigenin* 504 285 [M+H]* > 270 50 6 31 8
7-O-Me-Apigenin (Genkwanin)* 853 285 [M+H]* > 242 50 5 43 4
5-0-Me-Genistein 522 285 [M+H]* = 270 50 6 31 8
4'-O-Me-Apigenin (Acacetin)* 844 285 [M+H]* > 242 50 7 43 4
5-O-Me-Naringenin* 504 287 [M+H]" > 167 36 5 31 6
7-O-Me-Naringenin (Sakuranetin)* 843 287 [M+H]" 2> 167 36 5 31 6
Scutellarein* 5.32 287 [M+H]* > 123 50 35 47 4
Luteolin* 5.89 287 [M+H]* > 153 50 3 43 4
Kaempferol* 6.80 287 [M+H]* > 153 50 2 39 4
Dihydrokaempferol* 512 289 [M+H]" > 243 50 4 15 6
2-Hydroxynaringenin* 553 289 [M+H]* = 121 21 5 21 14
Eriodictyol® 5.83 289 [M+H]* 2> 1563 46 7 33 4
5,7-0-DiMe-Apigenin* 6.38 299 [M+H]* > 284 50 4 37 6
5-0-Me-Luteolin 4.53 301 [M+H]* = 286 50 3 35 6
7-O-Me-Luteolin 7.57 301 [M+H]* - 286 50 3 35 6
5-0-Me-Scutellarein* 475 301 [M+H]* > 286 50 3 33 6
7-0-Me-Scutellarein* 6.01 301 [M+H]* = 286 50 3 33 6
6-0-Me-Scutellarein (Hispidulin)* 6.67 301 [M+H]* - 286 21 5 33 28
5-0-Me-Kaempferol 5.54 301 [M+H]* - 286 50 2 35 6
3-0-Me-Kaempferol (Isokaempferide)* 7.03 301 [M+H]* = 286 50 4 27 8
7-O-Me-Kaempferol 8.66 301 [M+H]* - 286 50 2 35 6
5,7-0-DiMe-Naringenin* 6.60 301 [M+H]* > 181 46 11 31 6
5-0-Me-Eriodictyol 4.42 303 [M+H]* > 124 50 7 55 4
7-O-Me-Eriodictyol 7.50 303 [M+H]* > 124 50 7 55 4
5-0-Me-Dihydrokaempferol 4.44 303 [M+H]" 2> 107 50 4 55 2
7-O-Me-Dihydrokaempferol 6.99 303 [M+H]* > 107 50 4 55 2
Quercetin® 5.96 303 [M+H]* = 1563 50 7 45 4
O-Me-2-hydroxynaringenin (peak 1) 6.44 303 [M+H]* > 187 21 5 21 20
7-0-Me-2-hydroxynaringenin 7.07 303 [M+H]* > 167 21 5 21 20
O-Me-2-hydroxynaringenin (peak 2) 8.32 303 [M+H]* = 167 21 5 21 20
Dihydroquercetin (Taxifolin)* 4.41 305 [M+H]* > 153 50 75 25 6
2-Hydroxyeriodictyol 488 305 [M+H]* > 137 21 5 21 14
5,7-0-DiMe-Luteolin 5.15 315 [M+H]* = 300 50 3 35 6
O-DiMe-Luteclin (O-Methyl group likely on A + Bring) 8.70 315 [M+H]* < 300 50 3 35 6
5-0-Me-Isokaempferide 525 315 [M+H]" > 254 11 5 39 30
7-O-Me-Isokaempferide 8.96 315 [M+H]" > 254 11 5 39 30
5,7-0-DiMe-Scutellarein* 534 315 [M+H]* > 254 50 3 41 8
5,6-0-DiMe-Scutellarein 550 315 [M+H]* - 282 11 5 33 34
6,7-0-DiMe-Scutellarein (Cirsimaritin}* 7.68 315 [M+H]* > 282 11 5 33 34
5-0-Me-Quercetin 4.85 317 [M+H]* = 302 50 7 35 6
7-0O-Me-Quercetin 7.63 317 [M+H]* = 302 50 7 35 6
O-DiMe-2-Hydroxynaringenin (Xilonenin; peak 1)* 5.51 317 [M+H]* = 181 1 5 21 20
O-DiMe-2-Hydroxynaringenin (Xilonenin; peak 2)* 6.81 317 [M+H]* > 181 1 5 21 20
5-0-Me-Dihydroquercetin 3.81 319 [M+H]* = 123 50 7.5 55 6
7-O-Me-Dihydroquercetin 6.18 319 [M+H]* - 123 50 7.5 35 6
Myricetin* 507 319 [M+H]* > 153 50 7 40 4
5-0-Me-Myricetin 412 333 [M+H]* > 318 50 7 35 6
7-0O-Me-Myricetin 6.57 333 [M+H]* > 318 50 7 35 6
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Supplemental Table $15. Mass analyzer settings used for the analysis of flavonoid glycosides on the
QTRAP 6500+. Compounds marked with (*) were verified by an authentic standard. Abbreviations: Me,
methyl; DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit
potential; V, volts.

MRM transition

flavonoid glycoside DP(V) EP(V} CE(V) CXP{V)

m/z
Kaempferol-7-O-beta-D-glucopyranoside* 447 [M-H]- > 285 -50 -1 -38 -8
0O-Me-Kaempferol-7-O-beta-D-glucopyranoside-1 461 [M-H]- > 299 -50 -6 -40 -4
0-Me-Kaempferol-7-O-beta-D-glucopyrancside-2 461 [M-H]- > 284 -50 -6 -50 -4
Kaempferol-3-O-beta-rutinoside* 593 [M-H]- > 285 -50 -6 -46 -8
0O-Me-Kaempferol-3-O-beta-rutinoside-1 607 [M-H]- > 299 -50 -6 -40 -4
0O-Me-Kaempferol-3-O-beta-rutinoside-2 607 [M-H]- > 284  -50 -6 -50 -4

192



Supplemental Material Manuscript Il

Supplemental Table $16. Mass analyzer settings used for the analysis of BXs on the QTRAP 6500+.
Compounds marked with (*) were verified by an authentic standard. Abbreviations: DP, declustering
potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential; V, volts.

MRM transition

benzoxazinoid DP(V) EP(V) CE(V) CXP(V)

m/z
MBOA 164 [M-H]- > 149 -40 4 -20 2
HBOA-GIc 326 [M-H]- > 164 -40 4 -20 5
DIBOA-Glc 342 [M-H]- > 134 -40 4 -24 4
HMBOA-Glc 356 [M-H]- > 194 -40 4 -15 4
DIMBOA-Glc* 372 [M-H]- 2 210 -40 4 -15 4
HM,BOA-Glc 386 [M-H]- > 224 -40 4 -15 4
HDMBOA-GIc* 432 [M+FA-H]- = 356 -40 4 -20 3
DIM,BOA-Glc 402 [M-H]- > 194 -40 4 -18 5
HDM,BOA-Glc 462 [M+FA-H]" > 194 -40 4 -25 3
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Supplemental

Dihydrokaempferol

Sigma, 91216, >= 95 % (HPLC)

Table $17. Authentic standards used for identification and quantification.
Abbreviations: Me, methyl.
Compound Supplier self purified
Phenylpropanocids
Caffeic acid Merck; 823175, > 98 % (HPLC) -
Resveratrol Sigma, R-5010, approx. 92 % -
Flavonoids
Chrysin Sigma, 95082, analyt. Standard -
Apigenin Sigma, 42251, analyt. standard -
Genistein Carl Roth, 0716.2, >= 98 %, fur Biochemie -
Naringenin Sigma, W530098, 98 % -
Naringeninchalcone PhytoLab, 83877, phyproof -
Scutellarein Sigma, S0327, >= 98 % (HPLC) -
Luteolin Enzo Life Sciences, ALX-385-007 -
Kaempferol EMD Chemicals San Diego, 420345 -

2-Hydroxynaringenin v
Eriodictyol Sigma, 94258, >= 95 % (HPLC) -
Quercetin hydrate Acros organics, 95 % -
Dihydroquercetin (Taxifolin) hydrate Sigma, T4512, >=90 % (HPLC) -
Myricetin Carl Roth, 6461.1, >= 95 % -
Flavonoid glycosides

Kaempferol-7-O-R-D-glucopyranoside Sigma, 18854, == 90 % (HPLC) -
Kaempferol-3-O-R-rutinoside Sigma, 90242, >= 98 % (HPLC) -
O-methylflavonoids

5-0-Me-Apigenin - v
7-0O-Me-Apigenin (Genkwanin) TRC, G360000 v
4-0O-Me-Apigenin (Acacetin) Carl Roth, 5010.1 -
5-O-Me-Naringenin Sigma, SMB00201, >= 95 % v
7-O-Me-Naringenin (Sakuranetin) Sigma, 73422, analyt. Standard v
5,7-0-DiMe-Apigenin - v
5-0-Me-Scutellarein - v
7-O-Me-Scutellarein - v
6-0-Me-Scutellarein (Hispidulin) Sigma, SML0582, >= 98 % (HPLC) -
3-0-Me-Kaempferol (Isokaempferide) - v
5,7-0-DiMe-Naringenin - v
5,7-0-DiMe-Scutellarein - v
6,7-0-DiMe-Scutellarein (Cirsimaritin) Sigma, SMB00174, 290% (LC/MS-ELSD) -
O-DiMe-2-Hydroxynaringenin (Xilonenin) - N
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Supplemental Table S18: see Supplemental Tables (Excel file)
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Supplemental Table $19. RT-gPCR primers.

Primer name

Target gene

Primer Sequence (5’ — 3’)

ZmFOMT2_gPCR_Fwd
ZmFOMT2_gPCR_Rev

ZmFOMT3_gPCR_Fwd_neu1
ZmFOMT3_gPCR_Rev_neu1

GRMZM2G423331_Fwd3
GRMZM2G423331_Rev3
GRMZM2G422750-Fwd2
GRMZM2G422750-Rev2
GRMZM2G175076-Fwd1
GRMZM2G175076-Rev1
GRMZM2G062396-Fwd1
GRMZM2G062396-Rev1
ZmFNSI_Fwd
ZmFNSI_Rev
FNSI2_qPCR_Fwd2
FNSI2_gPCR_Rev2
ZmFLS1/2_qPCR_Fwd2
ZmFLS1/2_qPCR_Rev2
ZmF3-H_qPCR_Fwd1
ZmF3-H_gPCR_Rev1
Zm33614_qPCR_Fwd1
Zm33614_qPCR_Rev1
Zm10826_qPCR_Fwd3
Zm10826_qPCR_Fwd3
FNSII_gPCR_Fwd1
FNSII_gPCR_Rev1
Zm08124_gPCR_Fwd3
Zm08124_qPCR_Rev3
Zm39147_qPCR_Fwd2
Zm39147_qPCR_Rev2
Zm33036_qPCR_Fwd3
Zm33036_gPCR_Rev3
ZmBx10/11_UTR_qFwd2
ZmBx10_UTR_qRev2
ZmBx11_UTR_gFwd3
ZmBx11_UTR_gRev3
BxD-2.1

BxD-2.2
ZmUBCP_qPCR_Fwd1
ZmUBCP_qPCR_Rev1
ZmMEP_gPCR_Fwd
ZmMMEP_gPCR_Rev

FOMT2

FOMT3

FOMT4

CHS2 (UTR)

CHIL{UTR)

F3H (UTR)

FNSI1

FNSI2

FLS1/FLS2

F3.H

F2H1

F2H2

FNSIIT

FNSII2

ZmCYP93Gé

ZmCYP93F6

BX10 (UTR)

BX11 (UTR)

BX14

UBCP (GRMZM2G102471)

MEP (GRMZM2G018103)

GTCCCTGTGCTACGCCAAAT
GTCGACGGTCGAATCATCAC
TGATGAGTCAAATACAAAACGTC
GGGAGCCAACAACGGGTAGA
CCCAGTACAAGCACCTGAGAG
ACCACCTACATGTTCCACACC
CGTCCGCAAATAATGTGCTCTC
TAGCTCTACCCTGGTCTTGC
TTCGTGAATGTCCGTCCTGT
CCACAACGACAATCTGCACAA
TATAGCTACGTGCGACCGTG
CTGGAACCGCACGTTGAAAA
AGGAGAAGGCCAAGCTCTACT
CCCATGGTCTCCTTGAAATC
CCGGACAACCCACCATCCTT
CCCAGCGCCTCCTTGATGTA
TACGAGGCCAAGTACGTGCC
TCCACGAACATCGGCCATGA
ATCCGGACGTGCTCAGGAAG
TCTCCTTGATCACCGCCGTG
CAATCCACTGCGCCGCCCT
TACGTAGCCGCTCTTGCCG
GGCAGCAGGGACAGGGAG
GGCAGCAGGGACAGGGAG
GCGTACAAGGAGACGTTGCG
CGATGGCCCACACGTTGATG
AAGACGATGGACAAGGAATAAG
CCGCCGCCTGGTCCTCC
AGTCGACGGTGCTTATCCAC
ATGTATTGGAAGTGCTTCCCG
ACCTGCAGGACTACATCGGC
GCCGTCAGTATCCGCTCCAT
GAAGGTGTTGATAGTATATTATG
ACTGGTACGCTTGTAACTTGA
TGTGTGTTGGTCAAGTAGTCGA
TCCTTGTTGCCATGACACAAC
GAAAGCCGCTTCTTGATGCC
GGAACATATTGCCCGCAACG
TTGTCCCTGAGATTGCTCACA
CACCAGTTTGGCCAGCTTTTA
TGTACTCGGCAATGCTCTTG
TTTGATGCTCCAGGCTTACC




Supplemental Material Manuscript Il

Supplemental Table S20. PCR primers for the amplification of full-length open reading frames of
investigated FOMTs and CYP93Gs.

Restriction
Primer name Target gene  Primer Sequence (5’ — 3') recognition  Application
site
FOMT2-W22-fwd 0 CACCATGGCACTCAGCACTCAGGA TOPO
FOMT2-W22-rev FomM12 TCATGGATAGACCTCGATGAC cloning
FOMT4-W22-IBA-F FOMT4 ATGGTACGTCTCAGCGCATGGCCTGCACGACGGCAGC BsmBI
FOMT4-W22-IBA-R ATGGTACGTCTCATATCACTTGGTGAACTCGAGCGCCCA
Bx10g-synt_pASK-37 fwd FOMT3 ATGGTAGGTCTCAGCGCATGGCGTTTACGGAAGAGAGTTC Bsal pASK-IBA37plus
Bx10g-synt_pASK-37 rev ATGGTAGGTCTCATATCAGGGATAGACCTCAATCACAGACA cloning
Bx10e-synt_pASK-37.fwd FOMT5 ATGGTAGGTCTCAGCGCATGGCCTTACTCGGGGAATACTC Bsal
Bx10e-synt_pASK-37.rev ATGGTAGGTCTCATATCAATTCGGGTACAGTTCGATCATAGA
Spel-ZmG167336_Fwd FoH1 (B73 TCGTACTAGTATGGAAGCTGATGCTGCT Spel
ZmG167336-Pacl_Rev ( ) ACACTTAATTAACTACGTAGCCGCTCTTGC Pacl
Zm33614_Notl_Fwd F2H1 (W22) CGTGCGGCCGCAATGGAAGCTGATGCTGC Notl
Zm33614_Sacl_Rev AGGGAGCTCTTAAGTAGCAGCTCTAGCTG Sacl
Zm10826_Notl_Fwd For2 CGTGCGGCCGCAATGGAAGCTGCTGCTG Notl
Zm10826_Sacl_Rev AGGGAGCTCTCAAGTAGCTGTAGCTTGC Sacl
Zm08124_Notl_Fwd ENSII2 CGTGCGGCCGCAATGAAGGAACAACAACCTAGA Notl subcloning into
Zm08124_Sacl_Rev AGGGAGCTCTTAAACAACTGCTGGAAATGGA Sacl pESC-Leu2d
Zm39147_Not|_Fwd 2mCYPIIGE CGTGCGGCCGCAATGGAAGAACAACAATTGAGAG Notl
Zm39147_Sacl_Rev AGGGAGCTCTCAAACAACAGGTGGAAATG Sacl
Zm33036_Notl_Fwd ZmCYP93E6 CGTGCGGCCGCAATGGAAGTTGTTACCGCTA Notl
Zm33036_Sacl_Rev AGGGAGCTCTCAAACACCAGCGGTTT Sacl
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Figure $1. Phylogenetic tree of Poaceae OMT genes similar to ZmFOMT2. OMTs were identified
by BLASTP analysis with ZmFOMT2 as query and using Poaceae protein datasets available in the
Phytozome 13 (https://phytozome-next.jgi.doe.gow) and NCBI (https://www.ncbi.nlm.nih.gov/)
databases.  Additional sequences were obtained from the NCBI TSA database
(https:/Awww.ncbi.nlm.nih.gov/genbank/tsa/) by a local BLAST search using BioEdit followed by an
NCBI search for full sequences. Only genes (ORFs) with = 80% query coverage and a corresponding
amino acid identity of =2 40% were included. The tree was inferred using the maximum likelihood
method based on the General Time Reversible model, including gamma distributed rate variation
among sites (+G, 1.8577). All positions with < 90% site coverage were eliminated. OMTs previously
characterized in the literature are highlighted in black bold, and the “PACMAD-specific FOMT2-BX10
clade” and *BOP-specific BX70 clade” are marked in blue and orange, respectively. Sequences of the
following species were included in the tree: Brachypodium distachyon; Brachypodium stacei,
Dichanthelium oligosanthes Kellogg; Digitaria exilis Niatia; Eleusine coracana; Eragrostis curvula
Victoria; Hordeum vulgare (Hv); Miscanthus lutarioriparius;, Miscanthus sinensis; Oropetium
thomaeum; Oryza sativa; Panicum hallii, Panicurm hallii HAL; Panicum miliaceum, Panicum virgatum,
Paspalum vaginatum; Saccharum hybrid; Setaria italica; Setaria viridis, Sorghum bicolor; Sorghum
bicolor Rio; Triticum aestivum (Ta);, Triticum dicoccoides; Urochloa fusca, Zea mays (Zm), Zea
nicaraguensis.
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Figure S2. Enzymatic activity of FOMT2-like group members with different flavonoid substrates.
The purified recombinant enzymes as well as an empty vectar control (EV) were incubated with the
potential substrates kaempferol (A), 2-hydroxynaringenin (B), and naringenin (C) in presence of the
cosubstrate SAM. Reaction products were analyzed by LC-MS/MS. Chromatograms of specific MRM
transitions (see methods section) are shown. The upper part of each panel shows the structures of the
enzyme products, with the attached methyl groups highlighted in blue or red. All assays were
performed in technical triplicates. Peak numbers in panel B: 1, 2-hydroxynaringenin; 2.1 and 2.2,
O-methyl-2-hydroxynaringenin; 3.1, xilonenin (keto); 3.2, xilonenin (enol). Abbreviations: Me, methyl;
cps, counts per second. Note: The data shown in panel A were collected independently from the
experiments shown in Figure 2 and panel B and C.
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Figure S83. BX OMTs catalyze the 3-O-methylation of flavonols. Extracted ion chromatograms
(m/z 317.066 [M+H]*) (A) and MS/MS spectra {B-C) of quercetin products produced by FOMT2-like
FOMTs and BX OMTs. For comparison the MS/MS spectra of the comesponding kaempferol products

putative 5-O-methylkaempferol and 3-O-methylkaempferol

(isokaempferide) are shown (D-E).

Fragmentation patterns are similar and consistent with mono-O-methylation on the flavonol A- or
C-ring, as a typical B-ring fragment is observed (F). The position of O-methylation can be distinguised
by retention time (RT). Enzyme assays using quercetin or kaempferol as substrate were analyzed
using untargeted LC-MS (full scan and auto MS/MS mode) as described in the methods section. The
MS/MS spectrum of isokaempferide was obtained using the purified compound. 1, putative 5-O-
methylquercetin; 2, putative 3-O-methylquercetin.
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Figure §4. Amino acid sequence alignment of ZmFOMT2 and ZmBX10 with isoflavone OMTs.
Isoflavone 4-OMT from Medicago truncatula (MtHI4OMT; PDB-ID: 1ZG3), Isoflavone-OMT from
M. truncatula (MtIOMT, PDB-ID: 2QYO), and Isoflavone-OMT from Medicago sativa (MsIOMT; PDB-
ID: 1FP2) were identified as the best templates for homology modelling with ZmFOMT2 (MZ484743)
using the Swiss-Model server (https:/swissmodel.expasy.org/). The sequences were aligned using
MEGATY and visualized with BioEdit. Identical amino acids are shaded in black and similar amino acids
in grey. Amino acid residues involved in SAM binding (orange), substrate binding (blue), substrate
binding from the second polypeptide chain of the homodimer (purple), catalysis (green) are highlighted
(modified from Zubieta et al., 2001). MtHI4OMT active site residues are marked with grey dots
(modified from Liu et al., 2006). ZmFOMTZ2 shares 39%, 34%, 35%, and 84% amino acid identity with
MtHI4OMT, MHIOMT, MsIOMT, and ZmBX10, respectively. ZmBX10 is encoded by Zm00001d029359.
Note: Unlike the MaizeGDB database sequence encoded by Zm00004b033403/Zm00004b033399
(W22_v2), the cloned ZmFOMT2 (MZ484743) sequence displayed here contains a D instead of an E in
position 14 (grey dashed arrow).
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Figure §5. Amino acid sequence alignment of OMTs in the FOMT2-like group. The amino acid
sequences were aligned using the MUSCLE codon algorithm implemented in MEGA7 and visualized
with BioEdit. ldentical amino acids are shaded in black and similar amino acids in grey. Amino acid
residues involved in SAM binding (orange), substrate binding (blue), substrate binding from the second
polypeptide chain of the homodimer (purple), catalysis (green) are highlighted (madified from Zubieta
et al., 2001). MtHI4OMT active site residues are marked with grey dots (modified from Liu et al., 2008).
ZmFOMTZ2 mutation sites are marked with red arrows. The amino acid sequences are encoded by
Zm00001d047192 (ZmFOMT2), Zm00001d004921 (ZmBX14), Zm00025ab019610 (ZmBX12),
Zm00001d029356 (ZmBX11), Zm00001d029359 (ZmBX10), Zm00001d047194 (ZmFOMT3),
Zm00001d051934 (ZmFOMT5), and 4AL_CA467B516F (7aBX70). Note: Unlike the cloned W22
sequence displayed in Figure S4, ZmFOMT2 (B73) shown here contains an E instead of a D in
position 14 and an A instead of an S in position 119 (grey dashed arrows).
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Figure 56. Enzymatic activity of ZmFOMT2 mutants with DIMBOA-Glc. The purified recombinant
enzymes as well as an empty vector control (EV) were incubated with the substrate in presence of the
cosubstrate SAM. In contrast to the assays shown in Figure 4, a 2.5-fold amount of purified
recombinant enzyme (~ 2 ug/assay), a 2.5-fold amount of substrate (50 pM), and a 5-fold amount of
cosubstrate were used. Reaction products were analyzed by LC-MS/MS. Chromatograms of specific
MRM transitions (see methods section) are shown. In the upper part, the structure of the enzymatic
product HDMBOA-GIc is shown with the attached methyl group highlighted in purple. Abbreviations:
cps, counts per second.
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ShGCZX01092226 codon optimized

ATGGCACTGGIICAAGAARGCAGCCA CLGCTGCAGGCATATE ALGCAABARGCATGGLCCTIGEE
AGTTGCACTGGATCTGCETATTCCBGATGCARTTCATCATCAT GG TEETCETGCARCCCTECCTCAGATTC TGECACAGACCGCACTGCATCCEE
ATARACTGCGTGCACTGCGTAGCCTGATGCGTATGU TGACCGT TTTTGGCACCT TTAGCGTTCAGCAGCCTCCGACCAGCGGTGATGATAGCACT
GTTGATGCARGCEGTGAAGCAGTTTATCGTCT GACCGCAGCARGCCGT TTTCTGGT TACTGATGAAGTTAGCAGCGCAACCCTGGCARGCTTTGT
TAGCCTGGLGCTECATCAGAT TGCCGTTGCACCGCATACCGTTGGTC TG TGTGLATGGTT TCGTCARGAACAGAATGARCCGAGCGCATAT GCAC
TGGCATTTCGTCAGCCGACACCGACCATTTGGCAGCATGCAGATGATGT TARTGCACTGC TGAATARAGGTATCGT TCAGGATAGTCGTTTTCTG
COGATTGTTETTOGTGARTG TGETCARGT TTTTCGCCGTATTCATACCCTGAT TEATCT TECCCET GG TCATCGTGECGCARGCGUARTTAT
TGCAGCAGCATTTCCGCATCTGARATGTAGCGTTCTGGACCTGCCECATGT TGT TGCGEGTGCACCGAGTGATEGTAATGTTCAGTTTGTT GCAG
GTARCATGTTTGARRGCATTCCGCCTGCARCCGCAGTTT TTCTGARMACCACACTGCATGAT TGETCCGATGATARC TGTGTGARARTCCT GARR
ARATCCARCCAGCCAATTAGTCCOCGTGATCCAGGCOGTARAGTTATTATTCTGGATATGET TG TTGAT TATGCCCAGCCCARCATTARACATCT
GGARACCCAGGTTATGT TCGACCTGTATATTATGAGCGT TAATGGTGCAGAACGTGATCARCARSAGTGGARAAABATCTTTAACGAGGCAGGCT
TCAACGACTACARAATTCTGCOGC I TGIGEET GCACTGACCE I TAT TCARGT ITATCCETAA

ZnGBZQ01077209 codon optimized
ATGGCACTEATGCARGARRGCAGCAGCCAGEATC TGO TGCAGGCACATGATGARCTGC TGCATCATAGCCTGTETTT TGCCARRAGCCTGGCADT
GECAGTTGCACTEGATCTGCGTATTCCGEATGOART TCATCAT CATGGTGCCGETGETGCARCCCTGCTGCARATTC TGGCAGERRCCGCACTGE
ATCCGAGCARACTECGTGOACTECGTOGTC TGATGCGTGTTOTGAC OGS T TACCGGTAT TTTTAGC G T TGARCAGCCTCCGECAGGCGETGETGAT
GATAGCACCGTTCATACCTCAGATGATGARGCCGTTGTTTATCGTCTGACCCUAGCARGCCGTT TTCTGET TAGTGATGATG TT AGCACAGCAAL
COTGECACCGTTTETTACCCTGGOGUTGOAGC CGAT TGCAGCATG TCOGUAT G AC TGEGTATTAGC GCAT GETTT CETCARGAACAGCATGRAC
CEAGTCCGTATGETCTGECAT TTCETCAGACC COGACCATT TGGGARCATGCAGAT CATGTGARTCCACTGCTCARTARACETATGCCAGCAGAT
AGTCGTTTTCTGATGCCEATTGT TCTGCGTGAATGTGGTGAAATGTTTCGTGGTAT TGATAGCC TGETTGATGTTGGTGGTGGT CATGETGGTGC
AGCAGCAGCRATTGCAGCAGCCTTTCOGUATC TGARATG TAGLGT TCTGEACCTGCCGCATGTTETTGCOGETCCACCGACTGATGETARTGTTS
AGTTTGTTGCAGGCARCATGT TTGARAGCATTCCGCCTGCARCCGCAGT TTTTC TGARAARARACCCTGCATGATTGGEGTGATGATGAGTGTGTT
ABAATTCTCALGAATTGOCGT CAGGCAA GTGATGALCGTGETARAGTGATTAT TATGCATATGE TG TATGATGAGAGC AL
TACCARACCTCTCCAAGTGCACATICTCTTTGACCTCTTTATTATCAT GOT CARTGCICCCGARC CTCATCAACARGARTCCARARARRTCTTTA
TCCAGGCAGGCT TCARGEACTATAARATCC TGOCGETTGTT GG TACCC TEAGCETTATTGAACT TTATCOGTAR

ZnGCAAD1001611 codon optimized
ATGGCACTCATCCARCARACCAGCACCCACCATCTCCTCCAGCACATCATCARCTCCTGCATCATACCOTCTCTTT TGCCARRAGCCTGGCADT
GECAGTTGCACTSGATCTGCGTATTCCGRATGCAAT TCATCAT CATGETGCCGETGETCCAACCO TGCTGCARAT T CTGGLAGAAACCGCACT GO
ATCCGAGCARACTGCETCCACTECGTCETC TGAT GCETETTCTGACCET TACCGGTAT TT TTAGC T TEAACACCCTOOGGCAGGUCETGETGAT
GATAGCACCGTTCATACCTCAGRTGATGARGC CGTTETTTATC GTCTGACCEOAGCARGCCGTT ITC TGRT TAGTGATGATETTAGCACAGCAAD
CCTGGCACCGTTTGTTAGCCTGGCGCTGCAGCCGAT TGCAGCATGTCCGCATGCACTGEGTATTAGCGCATGGTTTCGTCARGARCAGCAT GRAAC
CCAGTCCGTATGETCTGECAT TTCGTCAGRCC COCACCATT TGGGARC ATGCAGAT GATG TGAATGCACTGCTCAR TARACG TATGCCAGCAGAT
AGTCGTTTTCTGATGCCGATTGT TCTGCGTGAATGTGGTGARATGTTTCGTGGTATTGATAGCC TGGTTGATG TTGG TGGTGGT CATGGTGGT G
ACCAGCAGCAATTGCAGCAGCO I TTCOGCATC IGAAATCTAGCGT IO T GEACCTGCCCUATG TS T GICCACCGAGTGA TGET A
ACTTTGTTCCAGCCARCATGT TTCARACCATT CCOCCTECARTCGCAGT TTTTC TGARARRAACCCTGCATCATTCGOGTC,
AAARTTCTEARGRAT TGO ARGCAGGCART TAGTCCGCGT GATECAGECGEATARAGTTATTAT TC TEGAT STTGTTETRGECTACAALCAGAGC AR
CATCARACATCAAGRAACCCAGGITATGT TCGACCTGTATATGATGGCAGT TARTGGTGT TGARCGTGATGAACARGAGTGGARAALRATCTTTA
CCGAGGCAGGCTTCRAAGACTATARAATCCTGCCGETTATTGGTGATGTGACCGTTATTATTGARGTGTACCCGTAR

Pavag01G329400 codon optimized

ATGATGGARGARSGTCGTCAGES ATATGCTGCAGGCCTATATTGRACAT TGECATCACASCC TGAGCTATCTTARARGT CTCACCCTGEC
AGTTGCACTGGATCTGCGTAT TCCGEATGCARTTCATCATCATGGTGETGCAGC ALCCGCACCGCAGATTC TGGCRART GGTCTGCATCCGT
GTARACTGCCTGCACTGCGTCETCTGATGCET GTTC TGACCGCAGTTACCGECACCTTTACCACCGT TCAGCACCAGCAGCAGC CGEATGATGAR
GACCATGAACCAGTCTATARAACTGACAGCAGTTAGCCGTT TTCTEGTGAGTGATGATCACGATGCAGETAGCAGLGCARGC GCARCCACALT
ACCGTTTGTTACAGTTCAGCTGCATCTGATTAATGT TAGCCCGTATGCARRAGGTCTGTGTSCATGGT TTCCTCAAGARCAGRATCATCCGA
CCGATTGTCTECCCCTGCETCATGATCARACCCTTTCOGAACCTCCCCATCAT TTTAATCCAATGC TCAATARACGCAT COARAGLGATAGT
STTTTCTGATGTCTGTTGCACTGAGCCTGGARGAATTTCGTGGTETTT TTCAGGGTATTCATAGCC TGGT TGATGT TGGTGGTGGTTITGGTGE
CATCTGARATGTAGCGTTCTEGRCCTGCCECATETTGT TGCGEGTGH “GAGCGATACCARTG

CATGATCCTGRATCOTGICCAACGTGATCARCAACGARTCGAAGAARATCT
GCCGGTTCTGGETETGCATAGCATTATTCAAGTTTATCCETAR

TTACCAAGECAGECTTCARAGACTATARAARTCC!

Figure S7. Codon-optimized gene sequences of Poaceae OMTs synthesized for expression in
E. coli.
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Table S2. Resulting binding modes for docking of naringenin into the homology model of ZmFOMT2
using AutoDock Vina (http://vina.scripps.edu/; Trott and Olson, 2010) with the grid box (size x/y/z = 26
A) centered on His271 (C-2) base of the catalytic triad and with the exhaustiveness set to 8. The
binding mode displayed in Figures 3A and 3B is highlighted in grey.

Mode Binding affinity Distance from best mode Distance from best mode

# (kcal/mol) (RMSD lower bound) (RMSD upper bound)
1 -7.0 0.000 0.000
2 -6.5 6.297 9.188
3 -6.5 3.298 8.730
4 65 1.240 2743
5 -6.4 2.578 8.358
8 -63 3.695 6.598
7 -6.3 6.088 9.199
8 -6.2 2.337 3.544
9 6.2 3.132 5.671
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Table S4. MS settings used for the analysis on the
QTRAP 8500+,

Turbospray ESl ion source settings

Analytes flavonoids benzoxazinoids
lonization mode: positive negative

lon spray voltage: +5500 V -4500 V

Turbo gas temperature:  650°C 650°C

Curtain gas: 40 psi 40 psi

Collision gas: medium level medium level
Nebulizer gas: 60 psi 70 psi

Heating gas: 60 psi 70 psi
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Table $5. Mass analyzer settings used for the analysis of BXs and flavonoids on the QTRAP 6500+,
Retention time (RT) was used to distinguish between compounds with the same MRM transition.
Compounds marked with (*) were verified by an authentic standard, while the remaining
O-methylflavonoids were inferred from the specific ZmFOMT2 enzymatic activity as described
previously in Forster et al. (2021). Abbreviations: Me, methyl; DP, declustering potential; EP, entrance

potential, CE, callision energy; CXP, collision cell exit potential; V, volts.

Compound ?"Tin MM transition DP(V) EP(V) CE(V}) CXP{V)
Benzoxazinoids (negative mode)

DIMBOA-GClc* 435 372 [M-H]- = 210 -40 -4 -15 -4
HDMBOA-GIc* 5.16 432 [M+FA-H]- 2> 356 -40 -4 -20 -3
Flavonoids (positive mode)

Apigenin® 6.59 271 [M+H]* = 153 50 3.5 41 4
Naringenin* 6.64 273 [M+H]* = 153 41 45 31 4
5-O-Me-Apigenin* 494 285 [M+H]* = 270 50 6 31 8
5-0-Me-Naringenin* 4.98 287 [M+H]* > 167 36 5 31 6
Scutellarein* 532 287 [M+H]* > 123 50 35 47 4
Kaempferol* 6.80 287 [M+H]* > 153 50 2 39 4
Dihydrokaempferol* 5.11 289 [M+H]* > 243 50 4 15 6
2-Hydroxynaringenin® 5.52 289 [M+H]* > 121 21 5 21 14
5-0-Me-Scutellarein* 467 301 [M+H]* > 286 50 3 33 6
5-0-Me-Kaempferol 5.50 301 [M+H]* > 286 50 2 35 6
3-0-Me-Kaempferol (Isokaempferide)* 7.03 301 [M+H]* > 286 50 4 27 8
5-0-Me-Dihydrokaempferol 4.40 303 [M+H]* = 107 50 4 55 2
Quercetin* 5.93 303 [M+H]* = 153 50 7 45 4
O-Me-2-Hydroxynaringenin (peak 1) 6.41 303 [M+H]* => 167 21 5 21 20
O-Me-2-Hydroxynaringenin (peak 2) 8.29 303 [M+H]* = 167 21 5 21 20
5-0-Me-Quercetin 478 317 [M+H]* = 302 50 7 35 6
O-DiMe-2-Hydroxynaringenin (Xilonenin; peak 1)* 5.48 317 [M+HJ* > 181 1 5 21 20
O-DiMe-2-Hydroxynaringenin (Xilenenin; peak 2)* 6.78 317 [M+H]* = 181 1 5 21 20
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Table S6. Phytozome 13 (https:/phytozome-next.jgi.doe.gov/) data sets used and corresponding
references for the phylogenetic analysis shown in Figure 1 and Figure S1.

Plant species

Data set version

Reference

Brachipodium distachyon 3.1 https://phytozome-next.jgi.doe .goviinfo/Bdistachyon_v3 1
Brachipodium stacei 1.1 Gordon et al., 2020

Eleusine coracana 1.1 https://phytozome-next.jgi.doe gov/info/Ecoracana_v1_1

Hordeum vulgare v Beier et al., 2017

Miscanthus sinensis 71 Mitros et al., 2020

Oropetium thomaeum 1.0 VanBuren et al., 2015

Oryza sativa 7.0 Ouyang et al., 2007

Fanicum hallif 3.2 Lovell et al., 2018

Panicum hailii HAL 22 Lovell etal., 2018

Panicum virgatum 5.1 Lovell etal., 2021

Paspalum vaginatum 3.1 DOE-JGI, https://phytozome-next.jgi.doe.gov/info/Pvaginatum_v3_1
Setaria italica 2.2 Bennetzen et al., 2012

Setaria viridis 21 Mamidi et al., 2020

Sorghum bicolor 311 McCormick et al., 2018

Sorghum bicolor Rio 2.1 Cooper et al., 2019

Triticum aestivum 22 International Wheat Genome Seguencing Consortium (IWGSC), 2014
Urochloa fusca 1.1 DOE-JGI, https://phytozome-next.jgi.doe.gov/info/Ufusca_v1_1

Zea mays B73_v4 Jiao etal,, 2017
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Based on ideas of JG, GJ, TGK, ME

Designed experiments: BL, CF (5%), CAMR, TZ, LH, RARM, J-DB, VH, TK, GH, WC, JK,
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Performed experiments: BL, CF (25%), CAMR, TZ, LH, RARM, J-DB, VH, TK, GH, WC, JK,
PY, BK, and TGK

Analyzed data: BL, CF (25%), CAMR, TZ, LH, RARM, J-DB, GH, WC, JK, PY, BK,
TGK, and ME

Wrote the manuscript: TGK and ME, with contributions from all other authors

The study was conceptualized based on the ideas of JG, GJ, TGK, and ME. CF performed
the LC-MS/MS measurements of BX and amino acids in phloem sap and analyzed the data
(Figure 1C; Figure S1E). The identification and characterization of DIMBOA-Glc OMT
candidate genes was also performed by CF, and included screening of transcriptomic data,
sequence analyses, phylogenetic tree constructions, qRT-PCRs, cloning, heterologous
expression, and in vitro enzyme assays (Figure 5; Figures S7B, C; Figures S8, S9, S11,
and S13). Transcriptome assembly and analysis (genome-based and de novo) and
phylogenetic analysis of glucosinolate OMT genes were performed by TGK (Table S1;
Figures S10 and S14). TK conducted the collection of phloem sap. The vector construct for
generating ZmBX12-expressing transgenic wheat was prepared by VH and used by GH,
WC, and JK to generate transgenic wheat plants. All other experiments were designed,
performed and analyzed by BL, with contributions from CAMR, TZ, LH, RARM, J-DB, PY,
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BK, and ME (Figures 1A, B, D-F; Figures 2, 3, and 4; Figures S1A-D; Figures S2, S3, S4,
S5, S6, S7A, and S12).
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The project was built on fundamental findings of VH and EAS. The study was
conceptualized based on the ideas of CF, VH, JG, EAS, and TGK. CF planned and
performed the following experiments; analyzed and visualized the corresponding data: in
particular inoculations of maize plants (leaves) with fungi and chitosan, untargeted LC-MS
and LC-UV-MS measurements, targeted LC-MS/MS measurements of flavonoids and BX,
cloning and heterologous expression of OMT genes in E. coli, in vitro enzyme assays with
OMTs and CYP93Gs, sequence analyses, and phylogenetic tree constructions (Figure 1;
Figures 2D, E; Figure 3; Figures 4B, D, E; Figure 5; Figure 6B; Figures S1, S4, S5, S6, S8,
S9, S11, S12, S14, S15, S16, S17, and S18; Tables S1, S3, S5, S6, S7, S8, S10, S11, and
several tables with details about the methods). TGK in particular, but also JG and CP
contributed with helpful discussions. The LC-MS/MS method for the analysis of flavonoids
was further developed based on a method originally developed by VH. KL performed the
cloning and heterologous expression of CYP93G genes in yeast. GK contributed statistical

analyses of flavonoid amounts in maize leaves (Figure 5; Figure S15; Table S9) and gave
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general advice on statistics. The purification of O-methylated flavonoids was largely
performed by CF, with a contribution from YN (Table S17). 2-Hydroxynaringenin was
synthesized and purified by YN. NMR analyses and structural elucidations were conducted
by YN, CP, BS, GCF, and CCH (Figure S13; Table S4; Supplemental data set S2).
Association mappings were performed by YD (Figures 2A, B; Figure 4A; Figures S2, S3,
and S10). Transcriptome assembly was performed by TGK (Supplemental data set S1). CF
screened the transcriptomic data for candidate genes and visualized the data (Figures 2C,
4C, 6A; Figures S7, S18; Table S2). Fungal bioassays were designed, performed, and
analyzed by YD and SP, with contributions from AH and EAS (Figure 7; Figures S20 and
S21). RT-qPCR validation of transcriptomic data was performed and analyzed by KL (Figure
S19). The corresponding statistical analysis and visualization was conducted by CF. The
draft of the manuscript was written by CF, with contributions from YD, CP, GK, and EAS.
TGK, EAS and JG revised the manuscript; all other authors contributed, and the draft was
written in the final form by CF and TGK.
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The study was conceptualized based on the ideas of CF, JG and TGK. The experiments
were designed by CF, with contributions from TGK. CF performed all experiments and
analyzed and visualized the data (Figure 1-4, Figure S1-S6, and Table S1-S2). The draft of
the manuscript was written by CF. TGK and JG revised the manuscript and the draft was

written in the final form by CF.
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Supplemental Figure 1. Chemical structures of the O-methyl- and non-O-methylflavonoids
used in the fungal bioassays shown in Supplemental Figures 2-5. Methyl groups are highlighted
in red. The retention times (RTs) in minutes on the used C18 RP-LC column are given. Abbreviations:
Me, methyl; DiMe, dimethyl.
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Supplemental Figure 2. Antifungal activity of O-methyl- and non-O-methylflavonoids against
Colletotrichum graminicola. Growth (optical density at 600 nm) of C. graminicola in the absence
and presence of self-purified or commercially available flavonoids measured over a 45-h time course
in potato dextrose broth using a microtiter plate assay. Data are shown as means + SE (n = 3).
Different letters indicate significant differences (P < 0.05) between treatments at 45 h (one-way
ANOVA followed by Tukey’s post-hoc test or one-way ANOVA on Ranks followed by Dunn’s post-
hoc test). naringenin (F = 8.669, P = 0.003); 5-O-Me-naringenin (F =2.717, P = 0.096); sakuranetin
(F = 389.079, P < 0.001); 5,7-O-DiMe-naringenin (F = 27.860, P < 0.001); apigenin (F = 12.699,
P <0.001); 5-O-Me-apigenin (F =3.187, P =0.067); genkwanin (F =21.537, P <0.001); 5,7-O-DiMe-
flavone (F = 806.943, P < 0.001); scutellarein (H = 8.158, P = 0.043); hispidulin (F = 89.479,
P < 0.001); 7-O-Me-scutellarein (F = 5.107, P = 0.019); tangeretin (F = 480.234, P < 0.001).
Abbreviations: Me, methyl; DiMe, dimethyl.
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Supplemental Figure 3. Antifungal activity of O-methyl- and non-O-methylflavonoids against
Kabatiella zeae. Growth (optical density at 600 nm) of K. zeae in the absence and presence of self-
purified or commercially available flavonoids measured over a 40-h time course in potato dextrose
broth using a microtiter plate assay. Data are shown as means + SE (n = 3). Different letters indicate
significant differences (P < 0.05) between treatments at 40 h (one-way ANOVA followed by Tukey’s
post-hoc test or one-way ANOVA on Ranks followed by Dunn’s post-hoc test). naringenin (H =4.433,
P =0.218); 5-O-Me-naringenin (H = 12.158, P = 0.007); sakuranetin (H = 11.758, P = 0.008); 5,7-0O-
DiMe-naringenin (F = 2.371, P = 0.126); apigenin (F = 6.081, P = 0.011); 5-O-Me-apigenin
(F = 2.399, P = 0.123); genkwanin (F = 214.400, P < 0.001); 5,7-O-DiMe-flavone (F = 444.112,
P <0.001); scutellarein (F =6.024, P =0.011); hispidulin (F =21.078, P <0.001); 7-O-Me-scutellarein
(F=2.357, P =0.128); tangeretin (F =43.271, P <0.001). Abbreviations: Me, methyl; DiMe, dimethyl.
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Supplemental Figure 4. Antifungal activity of O-methyl- and non-O-methylflavonoids against
Cercospora zeae-maydis. Growth (optical density at 600 nm) of C. zeae-maydis in the absence
and presence of self-purified or commercially available flavonoids measured over a 40-h time course
in potato dextrose broth using a microtiter plate assay. Data are shown as means + SE (n = 3).
Different letters indicate significant differences (P < 0.05) between treatments at 40 h (one-way
ANOVA followed by Tukey’s post-hoc test or one-way ANOVA on Ranks followed by Dunn’s post-
hoc test). naringenin (H = 11.758, P = 0.008); 5-O-Me-naringenin (H = 1.725, P = 0.631); sakuranetin
(H = 12.825, P = 0.005); 5,7-O-DiMe-naringenin (H = 10.600, P = 0.014); apigenin (H = 10.092,
P =0.018); 5-O-Me-apigenin (F = 2.000, P = 0.172); genkwanin (H=7.358, P =0.061); 5,7-O-DiMe-
flavone (F = 414.245, P < 0.001); scutellarein (F = 2.443, P = 0.119); hispidulin (F = 12.311,
P < 0.001); 7-O-Me-scutellarein (F = 0.719, P = 0.561); tangeretin (F = 37.124, P < 0.001).
Abbreviations: Me, methyl; DiMe, dimethyl.
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Supplemental Figure 5. Antifungal activity of O-methyl- and non-O-methylflavonoids against
Zymoseptoria pseudotritici. Growth (optical density at 600 nm) of Z. pseudotritici in the absence
and presence of self-purified or commercially available flavonoids measured over a 44-h time course
in yeast malt sucrose using a microtiter plate assay. Data are shown as means * SE (n = 3). Different
letters indicate significant differences (P < 0.05) between treatments at 44 h (one-way ANOVA
followed by Tukey’s post-hoc test or one-way ANOVA on Ranks followed by Dunn’s post-hoc test).
naringenin (F = 5.522, P = 0.015); 5-O-Me-naringenin (F = 4.333, P = 0.030); sakuranetin
(F = 245.260, P < 0.001); 5,7-O-DiMe-naringenin (H = 7.892, P = 0.048); apigenin (F = 2.057,
P = 0.185); 5-O-Me-apigenin (F = 201.513, P < 0.001); genkwanin (F = 203.880, P < 0.001);
5,7-O-DiMe-flavone (F = 117.019, P < 0.001); scutellarein (F = 3.097, P = 0.071); hispidulin
(F = 44.041, P < 0.001); 7-O-Me-scutellarein (F = 2.777, P = 0.091); tangeretin (F = 44.222,
P < 0.001). Abbreviations: Me, methyl; DiMe, dimethyl.
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Supplemental Figure 6. Detoxification of naringenin and its O-methyl derivatives by plant
pathogenic fungi. The flavonoids were extracted after completion of the in vitro fungal bicassays
from wells of the 96-well plate with and without (CON) fungus and an initially applied flavonoid
concentration of 32 ug/mL and analyzed by LC-MS/MS. Left panel (A-D): ratio of different test
flavonoids in wells with or without (CON) the indicated fungus. Values < 1 (grey dashed line) indicate
a decrease in the corresponding flavonoid in wells with fungus compared to control wells without
fungus. Middle panel (E-H) and right panel (I-L): Relative amount of the demethylation product
naringenin (E-H) and 5-methoxynaringenin (I-L), respectively, in wells with and without (CON) the
indicated fungus and different O-methyl derivatives of naringenin as initially applied test compounds.
Relative flavonoid amounts are shown as means + SE (n = 3). Stars indicate statistically significant
differences (P < 0.05) between treatments (for statistical values, see Supplemental Table 1).
Abbreviations:  Nar, naringenin; 5-Me-Nar, 5-methoxynaringenin; 5,7-DiMe-Nar, 5,7-
dimethoxynaringenin; 7-Me-Nar, 7-methoxynaringenin (sakuranetin).
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Supplemental Figure 7. Detoxification of apigenin and its O-methyl derivatives by plant
pathogenic fungi. The flavonoids were extracted after completion of the in vitro fungal bicassays
from wells of the 96-well plate with and without (CON) fungus and an initially applied flavonoid
concentration of 32 ug/mL and analyzed by LC-MS/MS. Left panel (A-D): ratio of different test
flavonoids in wells with or without (CON) the indicated fungus. Values < 1 (grey dashed line) indicate
a decrease in the corresponding flavonoid in wells with fungus compared to control wells without
fungus. Right panel (E-H): Relative amount of the demethylation product apigenin in wells with and
without (CON) the indicated fungus and different O-methyl derivatives of apigenin as initially applied
test compounds. Relative flavonoid amounts are shown as means + SE (n = 3). Stars indicate
statistically significant differences (P < 0.05) between treatments (for statistical values, see
Supplemental Table 1). Abbreviations: Api, apigenin; 5-Me-Api, 5-methoxyapigenin; 7-Me-Api,
7-methoxyapigenin (genkwanin). 225
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Supplemental Table 1. Statistical values for the analysis of demethylation products of different
O-methylflavonoids in fungal bioassays corresponding to the results shown in Supplemental Figures
6 and 7. Values in bold indicate significant differences (P < 0.05) between treatments. MWRST,
Mann-Whitney Rank Sum Test.

Flavonoid Flavonoid Statistical
Fungus tested analyzed test used tT-value P-value
5-Me-Nar -1.660 0.172
5,7-DiMe-Nar Nar -1.164 0.309
C. graminicola t-test
7-Me-Nar -105.336 <0.001
5,7-DiMe-Nar 5-Me-Nar -29.248 <0.001
5-Me-Nar MWRST 15.000 0.100
5,7-DiMe-Nar Nar 1.966 0.121
K. zeae
7-Me-Nar t-test 69.769 <0.001
5,7-DiMe-Nar  5-Me-Nar -10.910 <0.001
5-Me-Nar 4.175 0.014
5,7-DiMe-Nar Nar -1.798 0.147
C. zeae-maydis t-test
7-Me-Nar -14.020 <0.001
5,7-DiMe-Nar  5-Me-Nar -37.230 <0.001
5-Me-Nar MWRST 12.000 0.700
5,7-DiMe-Nar Nar -0.710 0.517
Z. pseudotritici
7-Me-Nar t-test -8.467 <0.001
5,7-DiMe-Nar 5-Me-Nar -4.758 <0.009
5-Me-Api 4.729 0.009
C. graminicola Api t-test
7-Me-Api -16.397 <0.001
5-Me-Api MWRST 10.500 1.000
K. zeae Api
7-Me-Api t-test -160.727 <0.001
) 5-Me-Api . -0.278 0.795
C. zeae-maydis ) Api t-test
7-Me-Api -20.199 <0.001
o 5-Me-Api . 2.649 0.057
Z. pseudotritici Api t-test
7-Me-Api -1.908 0.129

226



Supplemental Methods

11.8 Supplemental Methods

11.8.1 In vitro fungal bioassays with O-methyl- and non-O-methylflavonoids

Fungal cultures of Colletotrichum graminicola (Leibniz-Institut, Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (DSMZ), strain (DSM) no. 63127), Kabatiella
zeae (DSM 62737), and Cercospora zeae-maydis (W esterdijk Fungal Biodiversity Institute
(CBS), strain no. 117755) were grown on potato dextrose agar (PDA, Sigma-Aldrich)
at 25°C in the dark for seven, four, and 14 days, respectively, before subculturing (see
below) to enhance sporulation. C. graminicola was subcultured on oatmeal agar (OMA,
Sigma-Aldrich) at 25°C in the dark for six days. Sporulation of K. zeae was enhanced using
liquid K. zeae medium (KZM; Reifschneider and Arny, 1979). Briefly, 50 mL KZM were
inoculated with a colony plug and incubated at 25°C and 150 rpm for four days. Afterwards,
400 pL of the liquid culture were plated on corn meal agar (CMA, Sigma-Aldrich) and grown
for another four days. To promote sporulation of C. zeae-maydis, the mycelium of 3 plates
(each approx. 2 cm?) was cut in little pieces, suspended in 25 mL sterile water, mixed
vigorously and then the suspension was pipetted (2 mL/plate) on modified V8 agar (V8
replaced by tomato juice, pH 6.5). After 15 min, remaining liquid was decanted and the plate
was incubated at room temperature and 12 h daylight for five days. Spores of
C. graminicola, K. zeae, and C. zeae-maydis were harvested directly in refrigerated broth
medium (potato dextrose broth (PDB) buffered with 40 mM HEPES pH 7). Before use, all
broth media were filtered under sterile conditions using a vacuum filter (Filtropur V25,
0.45 um, Sarstedt). Spore suspensions of C. graminicola and K. zeae were filtered through
a 40 um cell strainer and quantified for use. Because spores of C. zeae-maydis were difficult
to separate from the mycelial fragments, the suspension was gently homogenized using a
tissue homogenizer (Potter-Elvehjem, Carl Roth, Karlsruhe, Germany), before successive
filtration through first a 100 um and then a 40 um cell strainer. Final spore concentrations
used in the bioassays were 5 x 10*/mL, 2 x 10°%/mL, and 1.25 x 10*/mL for C. graminicola,
K. zeae, and C. zeae-maydis, respectively.

Zymoseptoria pseudotritici (STIR04 2.2.1) was kindly provided by Eva Stukenbrock
(Stukenbrock et al., 2011; Stukenbrock et al., 2012) and grown on yeast-malt agar (YMA;
4 g/L yeast extract, 4 g/L malt extract, 4 g/L sucrose, 15 g/L agar) at 18°C in the dark for
seven days. Then, colonies were picked, used to inoculate liquid yeast-malt sucrose (YMS;

4 g/L yeast extract, 4 g/L malt extract, 4 g/L sucrose), and incubated at 25°C and 150 rpm

227



Supplemental Methods

for five days. Spores of Z. pseudotritici were harvested by centrifugation, resuspended in
filtered and refrigerated YMS buffered with 40 mM HEPES (pH 7), and quantified for use as
4 x 105 spores/mL.

The in vitro bioassays were performed using 96-well microtiter plates (Greiner 655090),
each well containing 150 pL of broth medium (buffered PDB/YMS pH7) containing the
fungal inoculum and flavonoids at concentrations of 32, 16, and 8 ug/mL (for all compounds
used, see Supplemental Figure 1). All flavonoids were diluted from stock solutions
containing 3.2 mg/mL in 100% dimethylsulfoxide (DMSO) shortly before use. For this, the
stocks were first diluted in 100% methanol and subsequently in buffered broth medium; final
concentration of DMSO and methanol in all wells were 1% and 3%, respectively. The 2-fold
dilution series was pipetted directly on the plate using a multichannel pipette. Control
samples included wells with medium only (blanks), 32 pg/mL flavonoid without fungal
inoculum, and no flavonoid containing growth controls. The bioassays were incubated at
25°C in the dark for 40-45 h and fungal growth was monitored through periodic
measurements of the optical density (OD) at 600 nm using a Tecan infinite 200 microplate
reader (Tecan) and Magellan software (Tecan) for instrument control and data analysis. All
samples were measured in technical triplicates.

After the last measurement, the samples were transferred to a 96-well deep well plate (Ritter
Riplate, 1 mL) for flavonoid extraction. The wells of the bioassay plate were subsequently
washed out with each 125 uL pure methanol, and the wash fraction was combined with the
corresponding assay mixture in the 96-well deep well plate. Then, another 125 uL of 100%
methanol was added to obtain a final concentration of 60% methanol, and the deep well
plate was incubated for 10 min at 25°C and 1600 rpm using a ThermoMixer C (Eppendorf).
Afterwards, the plate was centrifuged at 4000 g and 4°C for 10 min to remove mycelial
fragments and 180 pL of the supernatant was carefully transferred to a new 96-well deep
well plate. All samples were stored at -20°C before analysis of flavonoids using targeted
LC-MS/MS as described in manuscript Il (Forster et al., 2021).

11.8.2 Statistical analysis

Statistical analyses were performed using SigmaPlot 11.0 for Windows (Systat
Software). The statistical test applied is indicated in the respective figure legends.
Whenever necessary, the data were log-transformed to meet statistical assumptions such

as normality and homogeneity of variances.
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