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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 (Mithöfer 
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 (Mithöfer 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 (Mithöfer 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 (Mithöfer 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 
(Mithöfer 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 Ca2+ 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). 

Joinvilleaceae
Anomochlooideae
Pharoideae
Puelioideae

Pooideae (e.g. Avena, Hordeum, Secale, Triticum)
Oryzoideae (e.g. Oryza)
Bambusoideae (e.g. Bambusa, Phyllostachys)

Panicoideae (e.g. Miscanthus, Panicum, Saccharum, Sorghum, Zea)
Aristidoideae
Chloridoideae (e.g. Eleusine, Eragrostis)
Micrairoideae
Arundinoideae (e.g. Arundo, Phragmites)
Danthonioideae

B
O
P
P
A
C
M
A
D

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 β-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; Köhler 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. 



Introduction 

7 

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; 

Sakuranetin

Luteolinidin

Apigeninidin

Chlorogenic acid

Maysin

BenzoxazinonesDIMBOA-Glc: R = OHHDMBOA-Glc: R = OCH3

PhenylpropanoidsBenzoxazinoids

BenzoxazolinonesMBOA: R2 = OCH3;R3 = H

Non-volatile terpenoids

PhytocassanesR1 = O, OH; R2 = OH, H, O; R3 = H, OH
DolabralexinsR1 = CH3, OH;R2 = CH2, epoxide

OryzalexinsR1 = OH, O; R2 = OH, O;R3 = H, OH; R4 = CH3, COH 
KauralexinsR = CH3, COOH, CO;B series

Momilactone AZealexinsR = OHB series

Figure 2. Common defense compounds in the Poaceae. Non-volatile terpenoids: modified after Mafu et al. (2018) and Wang et al. (2018). 
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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-β-[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. 

1.4 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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HDMBOA-Glc HDM2BOA-Glc

Indole Indole-3-glycerol phosphate

BX1

Methyl derivatives
Hydroxamicacids

Lactams

Benzoxazinones

HBOA HBOA-Glc

A

BX2-BX4

DIBOA

DIBOA-Glc

TRIBOA-Glc

DIMBOA-Glc

TRIMBOA-Glc

DIM2BOA-Glc

BX6 BX7 BX13 BX7BX8, BX9

BX5

BX14BX10, BX11,BX12, BX14

B

BenzoxazolinonesBOA: R2 = H; R3 = H MBOA: R2 = OCH3; R3 = HM2BOA: R2 = OCH3; R3 = OCH3

Benzoxazinoneaglycones

β-Glucosidasehydrolysis oxo-cyclotautomerism

reactive
α-dicarbonyl

spontaneousdegradation(R1 = OH, OCH3)

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. (2016). 
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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 α-oxo-aldehyde intermediates 
(Figure 3B). Furthermore, upon heterolytic cleavage of the N-O bond, a reactive nitrenium 
(N+) ion is formed. Both, the α-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 α-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 (Søltoft 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 
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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-Glc (von Rad et al., 
2001). In the cytosol, DIBOA-Glc is then further oxidized at C-7 by the Fe2+/2-oxoglutarat-
dependent dioxygenase (2-ODD) BX6 and subsequently O-methylated by the 
O-methyltransferase BX7 to DIMBOA-Glc (Frey et al., 2003; Jonczyk et al., 2008), which 
represents the most abundant BX in undamaged maize plants (Niemeyer, 1988; Cambier 
et al., 1999; Köhler et al., 2015). 
However, upon induction by insect herbivory, fungal infection, or elicitor treatment (e.g. JA 
or CuCl2), 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-Glc), 
2,4-dihydroxy-7,8-dimethoxy-1,4-benzoxazin-3-one glucoside (DIM2BOA-Glc), and 
2-hydroxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one glucoside (HDM2BOA-Glc) (Oikawa et 
al., 2001; Oikawa et al., 2004; Glauser et al., 2011; Marti et al., 2013; Handrick et al., 2016). 
The conversion of DIMBOA-Glc to its N-O-methyl derivative HDMBOA-Glc is catalyzed by 
three homologous O-methyltransferases, termed BX10, BX11, and BX12 (Meihls et al., 
2013). HDMBOA-Glc 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-Glc in favor of HDMBOA-Glc 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 DIM2BOA-Glc and 
HDM2BOA-Glc from DIMBOA-Glc 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 DIM2BOA-Glc and HDM2BOA-Glc were suggested 
to be associated with aphid resistance, but in contrast to DIMBOA-Glc 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-Glc and/or DIMBOA-Glc 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-Glc with a concomitant decline in DIMBOA-Glc was also 
observed in wheat after JA treatment (Oikawa et al., 2002). Although the DIMBOA-Glc 
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 BX10-like gene in wheat 
and its evolution was one of the objectives of this work. Furthermore, I 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 (Mn+) 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.  
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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 (Fe2+) 
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 Mithöfer, 2005; Jiang et al., 2016). While FNSs of type I (FNSI) belong to the 2-ODDs 
and catalyze two sequential elimination reactions, FNSs of type II (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 
(ANSs), 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 (FOMTs), 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 



Introduction 

18 

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 (Schröder 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 III, I used the knowledge about IOMT structure-activity 
relationships to explore the determinants of substrate specificity of DIMBOA-Glc OMTs and 
their ancestors in grasses. 
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2.1 Manuscript I 
Convergent evolution of a metabolic switch between aphid and caterpillar resistance 
in cereals 
 
Beibei Li, Christiane Förster, Christelle A. M. Robert, Tobias Züst, Lingfei Hu, Ricardo A. R. 
Machado, Jean-Daniel Berset, Vinzenz Handrick, Torsten Knauer, Götz Hensel, Wanxin 
Chen, Jochen Kumlehn, Ping Yang, Beat Keller, Jonathan Gershenzon, Georg Jander, 
Tobias G. Köllner, and Matthias Erb 
 
Published in Science Advances (2018), 4, doi:10.1126/sciadv.aat6797 
 
Summary: 
The benzoxazinoid (BX) DIMBOA-Glc 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-Glc 4-O-methyl-
transferase (OMT) TaBX10 that catalyzes this reaction was identified. TaBX10 was shown 
to be only distantly related to the previously characterized maize DIMBOA-Glc 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-Glc is linked to callose-
mediated aphid resistance and the product HDMBOA-Glc is linked to caterpillar resistance. 
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2.2 Manuscript II 
Biosynthesis and antifungal activity of fungus-induced O-methylated flavonoids in 
maize 
 
Christiane Förster, Vinzenz Handrick, Yezhang Ding, Yoko Nakamura, Christian Paetz, 
Bernd Schneider, Gabriel Castro-Falcón, Chambers C. Hughes, Katrin Luck, Sowmya 
Poosapati, Grit Kunert, Alisa Huffaker, Jonathan Gershenzon, Eric A. Schmelz, and Tobias. 
G. Köllner 
 
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 ZmFOMT5) 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 III 
Evolution of DIMBOA-Glc O-methyltransferases from flavonoid O-methyl-
transferases in the grasses 
 
Christiane Förster, Jonathan Gershenzon, and Tobias G. Köllner 
 
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-Glc 4-OMTs ZmBX10, ZmBX11, 
ZmBX12 and ZmBX14 (Manuscript II). Phylogenetic analyses and biochemical 
characterization revealed homologous enzymes in several other Poaceae species and 
suggested that DIMBOA-Glc 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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3.1 Manuscript I 
Manuscript title: Convergent evolution of a metabolic switch between aphid and caterpillar 
resistance in cereals 
 
Authors: Beibei Li, Christiane Förster, Christelle A. M. Robert, Tobias Züst, Lingfei Hu, 
Ricardo A. R. Machado, Jean-Daniel Berset, Vinzenz Handrick, Torsten Knauer, Götz 
Hensel, Wanxin Chen, Jochen Kumlehn, Ping Yang, Beat Keller, Jonathan Gershenzon, 
Georg Jander, Tobias G. Köllner, and Matthias Erb 
 
Bibliographic information: Li, B., Förster, C., Robert, C.A.M., Züst, 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., Köllner, T.G., and Erb, M. (2018). Convergent 
evolution of a metabolic switch between aphid and caterpillar resistance in cereals. Sci Adv 
4, eaat6797. 
 
The candidate is 
☐First author, ☐ Co-first author, ☐ Corresponding author, ☒ Co-author. 

 
Status: published December 5 (2018) in Science Advances 
 
Authors’ contributions (in %) to the publication (indicated from 20%) 
 
Author Conceptual Data analysis Experimental Writing the manuscript Supply of material 
Christiane Förster / 25 25 / / 
Beibei Li / 50 50 / / 
Jonathan Gershenzon 5 / / / 50 
Tobias G. Köllner 40 5 5 40 / 
Matthias Erb 50 / / 60 50   
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3.2 Manuscript II 
Manuscript title: Biosynthesis and antifungal activity of fungus-induced O-methylated 
flavonoids in maize 
 
Authors: Christiane Förster, Vinzenz Handrick, Yezhang Ding, Yoko Nakamura, Christian 
Paetz, Bernd Schneider, Gabriel Castro-Falcón, Chambers C. Hughes, Katrin Luck, 
Sowmya Poosapati, Grit Kunert, Alisa Huffaker, Jonathan Gershenzon, Eric A. Schmelz, 
and Tobias. G. Köllner 
 
Bibliographic information: Förster, C., Handrick, V., Ding, Y., Nakamura, Y., Paetz, C., 
Schneider, B., Castro-Falcón, G., Hughes, C.C., Luck, K., Poosapati, S., Kunert, G., 
Huffaker, A., Gershenzon, J., Schmelz, E.A., and Köllner, T.G. (2021). Biosynthesis and 
antifungal activity of fungus-induced O-methylated flavonoids in maize. Plant Physiol, 
kiab496. 
 
The candidate is 
☒First author, ☐ Co-first author, ☐ Corresponding author, ☐ Co-author. 

 
Status: published October 27 (2021) in Plant Physiology 
 
Authors’ contributions (in %) to the publication (indicated from 20%) 
 
Author Conceptual Data analysis Experimental Writing the manuscript Supply of material 
Christiane Förster 20 75 70 70 / 
Jonathan Gershenzon 5 / / 10 80 
Eric A. Schmelz 30 / / 10 20 
Tobias G. Köllner 35 / / 10 / 
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3.3 Manuscript III 
Manuscript title: Evolution of DIMBOA-Glc O-methyltransferases from flavonoid 
O-methyltransferases in the grasses 
 
Authors: Christiane Förster, Jonathan Gershenzon, and Tobias G. Köllner 
 
Bibliographic information: not available 
 
The candidate is 
☒First author, ☐ Co-first author, ☐ Corresponding author, ☐ Co-author. 

 
Status: submitted for publication to Molecules (MDPI) 
 
Authors’ contributions (in %) to the publication (indicated from 20%) 
 
Author Conceptual Data analysis Experimental Writing the manuscript Supply of material 
Christiane Förster 50 100 100 75 / 
Jonathan Gershenzon 5 / / 5 100 
Tobias G. Köllner 45 / / 20 / 

 
 
 
 
 
 
 
Note: This manuscript was submitted to Molecules (MDPI) for possible open access 
publication on December 17 (2021) and is incorporated in this thesis under the terms 
of the Creative Commons Attribution (CC-BY 4.0) license, author Christiane Förster. 
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Evolution of DIMBOA-Glc O-methyltransferases from flavonoid 
O-methyltransferases in the grasses 
 
Christiane Förster1, Jonathan Gershenzon1, and Tobias G. Köllner1,* 
 
1 Department of Biochemistry, Max Planck Institute for Chemical Ecology, 07745 Jena, 

Germany; cfoerster@ice.mpg.de (C.F.); gershenzon@ice.mpg.de (J.G.) 
* Correspondence: koellner@ice.mpg.de (T.G.K.); Tel.: +49(0)3641 57-1265 
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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 
ZmFOMT3, 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-Glc 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-Glc, 
FOMT2, BX10, Zea mays, Poaceae 
  



Manuscript III 

70 

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 (COMTs), caffeoyl-CoA OMTs (CCoAOMTs), 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]. CCoAOMTs 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 ZmFOMT5, 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-Glc), 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-Glc) [31, 35]. The conversion of DIMBOA-Glc to 
HDMBOA-Glc 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-Glc 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-Glc 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-Glc 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-Glc 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-Glc 4-OMT genes ZmBX10-12 and 
ZmBX14, the flavonoid 5-OMT genes ZmFOMT2 and ZmFOMT3, and the flavonoid 6-OMT 
gene ZmFOMT5 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-Glc 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-Glc 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 
Pvir9NG562300 (from Panicum virgatum), were either amplified from cDNA and cloned or 
synthesized. Because the cloned ORF of Pvir9NG562300 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; Ml, 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, 
ShFOMT2, 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-Glc 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-Glc 
4-OMTs ZmBX12 and ZmBX14 served as positive controls. Besides ZmBX14 and ZmBX12, 
ZnBX10 also converted DIMBOA-Glc to HDMBOA-Glc (Figure 2A, Table S1), while no 
product peak was observed in the empty vector (EV) control. However, DIMBOA-Glc 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-Glc), 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 ZmFOMT2, 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-Glc 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-Glc [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-Glc 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: 1ZG3). Labels correspond to the monomer colored in blue. A close-up view of the putative active site is shown in (B), representing the 6 Å 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 ZmFOMT2, 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 Å around the docked substrate (Figure 3B, Table S2). Nine of these residues 
differed between all functional flavonoid 5-OMTs and DIMBOA-Glc 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+I325M+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 ZmFOMT2 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-Glc as substrate in our standard assay. However, when using 
2.5-fold greater amounts of both the purified recombinant enzymes and DIMBOA-Glc, 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-Glc, while neither the EV control nor ZmFOMT2 showed any DIMBOA-Glc 
4-OMT activity (Figure S6).  
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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-Glc 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-Glc 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-Glc 4-OMT gene TaBX10 in wheat was shown not to be 
orthologous to ZmBX10-12 and ZmBX14 in maize. Therefore, DIMBOA-Glc 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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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. 
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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-Glc 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-Glc 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-Glc 4-OMTs evolved from a flavonoid 5-OMT 
ancestor. Whether the wheat DIMBOA-Glc 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-Glc 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-Glc 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-Glc 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-Glc (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-Glc 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 für 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 µg) was treated with DNaseI (Thermo Fisher Scientific), 
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followed by cDNA synthesis using SuperScript III reverse transcriptase and oligo (dT)20 
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 DpnI. 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 (SbFOMT2) and Pvir9NG562300 (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 ZmFOMT5 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 OD600 of 0.8 with a final concentration of 1 mM IPTG (pET100/D-TOPO) or 200 µg/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-HCl 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 × 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-HCl 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-HCl 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 µL assay mixtures contained 500 µM dithiothreitol (DTT), 100 µM of the cosubstrate 
S-adenosyl-L-methionine (SAM), 20 µM of the substrate (DIMBOA-Glc or various 
flavonoids), and 0.8 µg purified recombinant protein in assay buffer (50 mM Tris-HCl, 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 Förster et al. 
(2021). Briefly, an Agilent 1260 Infinity II 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 × 4.6 mm, 1.8 μm; 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 to 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 µL for enzyme assays with DIMBOA-Glc 
as substrate and 1 µL 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 Förster 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 × 100 mm, 1.8 µm; 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, 5 to 60% B; 11.1 to 12 min, 100% B; 12.1 to 
15 min, 5% B. The injection volume was 4 µL. The LC system was coupled to a timsTOF 
mass spectrometer (Bruker Daltonics) equipped with an ESI ion source, operated in positive 
ionization mode to scan masses from m/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.nlm.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.nlm.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/z = 26 Å) 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 Å 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-like group, Figure S6: Enzymatic activity of ZmFOMT2 mutants with DIMBOA-Glc, 
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 Å) 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. 
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4. Discussion 
In this work, I investigated the formation and biochemical evolution of two important 

classes of induced specialized defense metabolites in grass species – benzoxazinoids 
(BXs) and flavonoids. I 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, I will now highlight novel findings, 
discuss how our obtained results are connected and what general or further conclusions 
can be drawn. Moreover, I will provide additional data that shed light on the role of 
regiospecific enzyme catalysis in possible biological modes of action. 

4.1 Evolution of OMTs in the grasses 
BXs produced by the core pathway such as DIBOA-Glc and DIMBOA-Glc 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-Glc 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-Glc 4-OMTs catalyzing the conversion of DIMBOA-Glc to HDMBOA-Glc 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-Glc 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-Glc and DIM2BOA-Glc 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). DIM2BOA-Glc has been previously detected in wheat ears (Søltoft et al., 2008), and 
we also found both the precursor DIM2BOA-Glc and the corresponding product HDM2BOA-
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-Glc to HDMBOA-Glc as switch between aphid and caterpillar resistance is 
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conserved in wheat as well (Manuscript I). However, whether HDM2BOA-Glc 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-Glc 4-OMTs in maize and wheat (Manuscript I) 
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) 
(Grün 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 (Grün 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-Glc 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 β-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-Glc 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-Glc 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 I), representatives of the two major grass 
clades PACMAD and BOP, emphasizes the importance of these compounds for plant 
defense. 



Discussion 

91 

In Manuscript II (Förster et al., 2021), we identified and characterized four maize FOMTs, 
termed ZmFOMT2 and ZmFOMT3, ZmFOMT4, and ZmFOMT5, 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-Glc 4-OMTs ZmBX10-12 and ZmBX14 (Manuscript II; 
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100

98

9199

93

99

91

99

92
65

99

96

100

100
100

99
99 38

64
78

44
86

98 9599

749999

8699

64
70

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 ZmCCoAOMT2 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, II, and III. 
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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-Glc 4-OMTs likely evolved from FOMTs in the PACMAD 
clade of the grasses (Manuscript III; Figure 5). Regiospecific flavonoid 5-OMTs (Manuscript 
II and III) have not been isolated previously. However, presumably SbFOMT2 and/or 
another close homolog identified in our study (Manuscript III) catalyzes the formation of the 
sorghum phytoalexin 5-methoxyluteolinidin (Lo et al., 1996). Interestingly, we could also 
show that the DIMBOA-Glc 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 III; Figure 5).  
Despite clear evidence for the origin of the DIMBOA-Glc OMTs from the PACMAD clade 
(Manuscript III), the evolutionary origin of TaBX10 from the BOP clade remains unclear. We 
have cloned and expressed several genes homologous to TaBX10 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 (Ta5BL_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 ZmFOMT2 and ZmFOMT3, ZmBX10-12, and ZmBX14 (Manuscript 
II; 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 II; Figure 5; ZmOMT1, OsROMT9, TaOMT2, and HvOMT1) 
that all use the flavone tricetin as their preferred substrate (Kim et al., 2006; Zhou et al., 
2006a; 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-Glc 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 II; 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)-β-caryophyllene synthase from 
maize (Köllner 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 (Ibrahim 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 II and III). 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 II 
and III; 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 II; 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 II). 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 (Voigtländer 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 II). In addition to these 
published bioassays, I 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 II; 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 II). 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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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), 

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 µg/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 R2 = 0.581; F = 16.242, P = 0.002); K.z. (adjusted R2 = 0.396, F = 8.223, P = 0.017); C.z. (adjusted R2 = 0.149, F = 2.929, P = 0.118); Z.p. (adjusted R2 = 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 bioassays 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. 
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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 II; 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-ϰB 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 II) 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 
(PI3Ks)), 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 II), 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 II; 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 II). 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 α,β-unsaturated carbonyl 
(enone) moiety, common to these compounds (Sahu et al., 2012). Roughly similar, xilonenin 
possesses a β-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 
(γ-glutamylcysteinylglycine; GSH), modulating or causing downstream signaling events 
(Noctor et al., 2012). As observed with most β-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 II). 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 ß-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-Glc 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 I) 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 II). 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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4.4 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 DIM2BOA-Glc to their N-O-methyl derivatives HDMBOA-Glc and HDM2BOA-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-Glc 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-Glc, 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. We 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 ZmFOMT5 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. I 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-Glc 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-Glc 4-OMT from teosinte 
(Zea nicaraguensis; ZnBX10). Our findings indicate a broader distribution of flavonoid 
5-OMTs compared to DIMBOA-Glc 4-OMTs in the Panicoideae subfamily of the grasses, 
and suggest that the DIMBOA-Glc 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 Abhängigkeit von ihren individuellen ökologischen 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 erhöht und Derivate mit veränderten chemischen 
Eigenschaften hervorbringt. Diese helfen den Pflanzen, verschiedene ökologische 
Herausforderungen zu bewältigen, einschließlich der Abwehr von Krankheitserregern und 
Insektenschädlingen. Zwei wichtige Klassen von Verteidigungsmetaboliten in der Familie 
der Gräser (Poaceae) sind Benzoxazinoide (BXs) und Flavonoide. Ihre O-Methyl-Derivate 
zeigen oft eine höhere spezifische Aktivität gegen angreifende Organismen als ihre nicht 
O-methylierten Vorläufer. 
Ziel dieser Arbeit war es daher, O-Methyltransferasen (OMTs) in verschiedenen Grasarten 
als Schlüsselenzyme für die Bildung von O-methylierten BXs und Flavonoiden zu 
identifizieren und zu charakterisieren. Zudem sollten die evolutionären Beziehungen der 
isolierten OMTs untersucht und ihre mögliche Rolle in der Pflanzenabwehr aufgeklärt 
werden. 
Die Biosynthese von BXs wurde in Mais bereits vollständig aufgeklärt. Bei anderen 
Grasarten, wie z. B. Weizen, sind die späten Schritte des Biosynthesewegs jedoch noch 
nicht entschlüsselt worden. Diese späten Schritte führen zu den wertvollen O-Methyl-
Derivaten, einschließlich HDMBOA-Glc. Von diesem ist bekannt, dass es in Weizen durch 
Herbivorie induziert wird. Unter Nutzung von Transkriptomdaten, die von Herbivoren-
geschädigten und -ungeschädigten Weizenblättern 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-Glc und DIM2BOA-Glc in ihre N-O-Methylderivate HDMBOA-Glc bzw. HDM2BOA-
Glc katalysiert. Folglich ist TaBX10 ein funktionelles Homolog der Mais-DIMBOA-Glc 
4-OMTs ZmBX10-12 und ZmBX14. Phylogenetische Analysen zeigten jedoch, dass die 
entsprechenden Gene nur entfernt miteinander verwandt sind. Dies lässt auf eine 
konvergente Evolution der DIMBOA-Glc 4-OMTs in Weizen und Mais schließen. Dennoch 
konnten wir zeigen, dass ihre Funktion in der Pflanzenabwehr auch in Weizen konserviert 
ist. Das Vorhandensein dieser OMTs bewirkt die Produktion von HDMBOA-Glc, einem 
Resistenzfaktor gegen Raupen. Das Fehlen dieser Enzyme führt zur Akkumulation von 
DIMBOA-Glc, das die Ablagerung von Kallose als Resistenzfaktor gegen Blattläuse auslöst. 
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Eine frühere Studie zeigte, dass das O-Methylflavonoid Genkwanin in Mais nach einer 
Pilzinfektion gebildet wird und in vitro eine antimykotische Aktivität aufweist. Dies war ein 
erster Hinweis darauf, dass O-methylierte Flavonoide eine Rolle bei der Verteidigung von 
Mais gegen pilzliche Krankheitserreger spielen könnten. 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 
anschließende O-Methylierung von 2-Hydroxynaringenin durch ZmFOMT2 führte 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 Maße zur Bildung der vielfältigen Flavonoid-Mischung 
beitragen, die in Pflanzen nachgewiesen wurde. Diese Mischung umfasst 38 bekannte und 
mutmaßliche Flavonoide und ihre O-Methyl-Derivate, welche bei einer Pilzinfektion in 
Maisblättern rasch induziert werden. In-vitro-Bioassays zeigten eine signifikante, aber 
unterschiedliche Aktivität 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 Fähigkeit mit Pilzmembranen zu interagieren und/oder diese zu 
durchqueren, das Pilzwachstum direkt hemmen. Xilonenin und andere polarere 
O-Methylflavonoide könnten dagegen eher indirekt an der Pflanzenabwehr beteiligt sein, 
indem sie als Signalmoleküle wirken. 
Im Weiteren zeigten phylogenetische Analysen, dass ZmFOMT2 und ZmFOMT3 eng mit 
den DIMBOA-Glc 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. Außerdem wurden zwei funktionelle 
Flavonoid-5-OMTs aus Sorghum (SbFOMT2) und Zuckerrohr (ShFOMT2) sowie eine 
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DIMBOA-Glc-4-OMT aus Teosinte (Zea nicaraguensis; ZnBX10) isoliert. Die Ergebnisse 
deuten auf eine größere Verbreitung von Flavonoid-5-OMTs im Vergleich zu DIMBOA-Glc-
4-OMTs in der Panicoideae-Unterfamilie der Gräser hin. Das legt nahe, dass die DIMBOA-
Glc-4-OMTs, die bisher nur von Zea-Arten innerhalb der großen PACMAD-Linie bekannt 
sind, sich aus einem Flavonoid-5-OMT-Vorläufer entwickelt haben. Auf der Grundlage von 
Sequenzvergleichen, Homologiemodellierung und In-vitro-Mutagenese konnten zudem 
erste Erkenntnisse über die Aminosäurereste gewonnen werden, welche die 
unterschiedliche Aktivität dieser Enzyme bestimmen.  
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11.2 Manuscript II 
 

The Supplemental Material for 
 

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

 
Förster, C., Handrick, V., Ding, Y., Nakamura, Y., Paetz, C., Schneider, B., Castro-Falcón, 

G., Hughes, C.C., Luck, K., Poosapati, S., Kunert, G., Huffaker, A., Gershenzon, J., 
Schmelz, E.A., and Köllner, T.G. 

 
published October 27 (2021) in Plant Physiology 

 
DOI:10.1093/plphys/kiab496 

 
Originally the Supplemental includes the following files: 
supplemental_figures 
supplemental_tables_part1 
supplemental_tables_part2 (Excel file) 
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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11.4 Detailed author contributions to Manuscript I 
Convergent evolution of a metabolic switch between aphid and caterpillar resistance 
in cereals 
 
Beibei Li, Christiane Förster, Christelle A. M. Robert, Tobias Züst, Lingfei Hu, Ricardo A. R. 
Machado, Jean-Daniel Berset, Vinzenz Handrick, Torsten Knauer, Götz Hensel, Wanxin 
Chen, Jochen Kumlehn, Ping Yang, Beat Keller, Jonathan Gershenzon, Georg Jander, 
Tobias G. Köllner, and Matthias Erb 
 
Published in Science Advances (2018), 4, doi:10.1126/sciadv.aat6797 
 
Author contributions: 
Based on ideas of JG, GJ, TGK, ME 
Designed experiments: BL, CF (5%), CAMR, TZ, LH, RARM, J-DB, VH, TK, GH, WC, JK, 

PY, BK, GJ, TGK, and ME 
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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11.5 Detailed author contributions to Manuscript II 
Biosynthesis and antifungal activity of fungus-induced O-methylated flavonoids in 
maize 
 
Christiane Förster, Vinzenz Handrick, Yezhang Ding, Yoko Nakamura, Christian Paetz, 
Bernd Schneider, Gabriel Castro-Falcón, Chambers C. Hughes, Katrin Luck, Sowmya 
Poosapati, Grit Kunert, Alisa Huffaker, Jonathan Gershenzon, Eric A. Schmelz, and Tobias. 
G. Köllner 
 
Published in Plant Physiology (2021), doi:10.1093/plphys/kiab496 
 
Author contributions: 
Based on ideas of CF (20%), VH, JG, EAS, TGK 
Designed experiments: CF (60%), VH, YD, YN, KL, SP, AH, EAS, TGK 
Performed experiments: CF (70%), VH, YD, YN, KL, SP 
Performed NMR analyses and structure elucidation: YN, CP, BS, GCF, CCH 
Analyzed data: CF (75%), VH, YD, KL, SP, GK, AH, EAS, TGK 
Visualized data: CF (90%), YD, CP 
Wrote the manuscript: CF (70%), JG, EAS, TGK, with contributions from all other authors 
 
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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11.6 Detailed author contributions to Manuscript III 
Evolution of DIMBOA-Glc O-methyltransferases from flavonoid O-methyl-
transferases in the grasses 
 
Christiane Förster, Jonathan Gershenzon, and Tobias G. Köllner 
 
Submitted for publication to Molecules (MDPI) 
 
Author contributions: 
Based on ideas of CF (50%), JG, and TGK 
Designed experiments: CF (90%) 
Performed experiments: CF (100%) 
Analyzed data: CF (100%) 
Visualized data: CF (100%) 
Wrote the manuscript: CF (75%), JG, and TGK 
 
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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11.7 Supplemental Figures and Tables 

 

NaringeninRT = 8.3 ApigeninRT = 8.2 ScutellareinRT = 6.7

5-O-Me-NaringeninRT = 6.3 5-O-Me-ApigeninRT = 6.2
Hispidulin(6-O-Me-Scutellarein)RT = 8.3

Sakuranetin7-O-Me-NaringeninRT = 10.5
Genkwanin7-O-Me-ApigeninRT = 10.6

7-O-Me-ScutellareinRT = 7.5

5,7-O-DiMe-NaringeninRT = 8.2 5,7-O-DiMe-FlavoneRT = 9.9 TangeretinRT = 11.2

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-O-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 bioassays from wells of the 96-well plate with and without (CON) fungus and an initially applied flavonoid concentration of 32 µg/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 bioassays from wells of the 96-well plate with and without (CON) fungus and an initially applied flavonoid concentration of 32 µg/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). 
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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. 
Fungus Flavonoid tested Flavonoid analyzed Statistical test used t/T-value P-value 

C. graminicola 
5-Me-Nar 

Nar t-test 
-1.660 0.172 

5,7-DiMe-Nar -1.164 0.309 
7-Me-Nar -105.336 < 0.001 
5,7-DiMe-Nar 5-Me-Nar -29.248 < 0.001 

K. zeae 
5-Me-Nar 

Nar 
MWRST 15.000 0.100 

5,7-DiMe-Nar 
t-test 

1.966 0.121 
7-Me-Nar 69.769 < 0.001 
5,7-DiMe-Nar 5-Me-Nar -10.910 < 0.001 

C. zeae-maydis 
5-Me-Nar 

Nar t-test 
4.175 0.014 

5,7-DiMe-Nar -1.798 0.147 
7-Me-Nar -14.020 < 0.001 
5,7-DiMe-Nar 5-Me-Nar -37.230 < 0.001 

Z. pseudotritici 
5-Me-Nar 

Nar 
MWRST 12.000 0.700 

5,7-DiMe-Nar 
t-test 

-0.710 0.517 
7-Me-Nar -8.467 < 0.001 
5,7-DiMe-Nar 5-Me-Nar -4.758 < 0.009 

C. graminicola 5-Me-Api Api t-test 4.729 0.009 
7-Me-Api -16.397 < 0.001 

K. zeae 5-Me-Api Api MWRST 10.500 1.000 
7-Me-Api t-test -160.727 < 0.001 

C. zeae-maydis 5-Me-Api Api t-test -0.278 0.795 
7-Me-Api -20.199 < 0.001 

Z. pseudotritici 5-Me-Api Api t-test 2.649 0.057 
7-Me-Api -1.908 0.129 
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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 (Westerdijk 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 µL 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 cm2) 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 µm, Sarstedt). Spore suspensions of C. graminicola and K. zeae were filtered through 
a 40 µm 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 µm and then a 40 µm cell strainer. Final spore concentrations 
used in the bioassays were 5 × 104/mL, 2 × 105/mL, and 1.25 × 104/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 
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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 × 105 spores/mL. 
The in vitro bioassays were performed using 96-well microtiter plates (Greiner 655090), 
each well containing 150 µL of broth medium (buffered PDB/YMS pH7) containing the 
fungal inoculum and flavonoids at concentrations of 32, 16, and 8 µg/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 µg/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 µL pure methanol, and the wash fraction was combined with the 
corresponding assay mixture in the 96-well deep well plate. Then, another 125 µL 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 µL 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 II (Förster 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. 


