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1 Introduction 

 

 

1.1 Natural product formation in plants 

Plants are the nutritional basis for a large number of living organisms including 

vertebrates, invertebrates, fungi and bacteria. Plants are therefore continuously 

subjected to biotic stresses, which are parried by different defense mechanisms. 

To protect themselves against attackers, plants, for example, synthesize 

specialized metabolites, also known as natural products or secondary metabolites. 

In contrast to primary metabolites, which are synthetized by all plant species, 

specialized metabolites are non-essential for the basic processes of growth and 

development. According to estimates, plants synthesize over 200,000 natural 

products, which had initially been considered as ‘by-products’. Specialized 

metabolites derive mostly from amino acid, isoprenoid, fatty acid/polyketide and 

phenylpropanoid pathways (Dixon, 2001; Dixon and Strack, 2003).  

The ability to synthesize certain specialized metabolites is the consequence of 

specific ecological situations. Appropriate for its environment, each plant lineage 

synthesizes a distinct set of compounds (Pichersky and Lewinsohn, 2011). Some 

adaptions are common across taxa e.g. the formation of phenylpropanoid 

derivatives or terpenes, while other metabolites are specific to a number of plant 

families or species, such as glucosinolates, which occur almost exclusively in 

plants of the order Brassicales (Halkier and Gershenzon, 2006). 

In plants, 10–20% of the genes in the genome encode for enzymes involved in 

the formation of specialized metabolites (Somerville and Somerville, 1999). 

Oxidases including cytochrome P450s and dioxygenases are by far the largest 

enzyme families (Dixon and Strack, 2003; Nelson and Werck-Reichhart, 2011) 

followed by glucosyltransferases, terpene synthases, and O-methyltransferases 

(Dixon and Strack, 2003).  
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The diversification of biosynthetic pathways due to selective pressure results 

in an abundance of products, which are considered to have an advantage for the 

plant. The functions of many of these products have been elucidated. Nearly all 

classes of specialized metabolites contain compounds that are known to serve as 

a barrier for plant pathogens and/or herbivores (Mithöfer and Boland, 2012). 

1.2 Direct and indirect plant defenses 

The interaction between plants and their attackers entails an arms race involving 

reciprocal development of defense mechanisms and counter adaptations. Plants 

have evolved sophisticated defense systems that can be categorized in several 

ways. Defenses can have direct effects on the attacking organism, or influence it 

indirectly by altering its ecological environment. Both, direct and indirect plant 

defenses can either be permanently present (constitutive) or inducible upon attack.  

Direct defenses act by themselves on the attacker. This category includes 

morphological structures such as thorns and prickles, and lignification (Mithöfer 

and Boland, 2012). Inside plant tissues or deposited on the surface, specialized 

metabolites and proteins can act as feeding deterrents, anti-digestive compounds, 

and toxins (Mithöfer and Boland, 2012). Indirect defenses, e.g. emission of volatiles 

or secretion of extrafloral nectar, attract enemies of attackers, thus also reducing 

damage to plant tissues (Heil, 2008). In maize, for instance, root damage caused 

by the larvae of the western corn rootworm (Diabrotica virgifera virgifera) induces 

the formation of (E)-β-caryophyllene (Rasmann et al., 2005). The sesquiterpene 

(E)-β-caryophyllene strongly attracts an entomopathogenic nematode, which in 

consequence diminishes the emergence of adult D. v. virgifera (Rasmann et al., 

2005). 

Defensive specialized metabolites belong to diverse chemical classes 

including isoprene-derived terpenoids, nitrogen-containing alkaloids, phenolic 

compounds such as flavonoids or coumarins, and others (Mithöfer and Boland, 

2012). Their location in the plant is often critical for their action against enemies. 

Location is also critical for plants themselves. To avoid intoxication active 

compounds are often stored in the vacuole, in specialized cell compartments or as 

inactivated derivatives, which become activated upon attack (Bones and Rossiter, 

1996; Weinhold and Baldwin, 2011). This is especially true for permanent, 

constitutive defense compounds which are in many cases highly concentrated 

within cells. Other defense compounds are also produced ‘on demand’ after attack, 

such as many volatile organic compounds (VOCs) (Kessler and Baldwin, 2001). 

Frequently plants defend themselves with both constitutive and condensed 

metabolites.  
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1.3 Induced defense mechanisms  

Beside avoidance of intoxication, inducible defenses have been shown to be of 

further benefit to plants. (1) Elevated levels of defenses often have more 

detrimental consequences on herbivore fitness and behavior than low 

concentrations. The induction of defense compounds may prevent the adaptation 

of attacking insects and thus retard the arms race (Karban et al, 1997). (2) When 

the constitutive synthesis of defensive compounds requires a limited resource, 

such as nitrogen, induction again is advantageous as it reduces the metabolic load 

and enables the use of nitrogen for growth and development (Preisser et al, 2007). 

However, the costs and benefits of induced and constitutive defenses in a given 

case depend on the specific ecological environment. 

A prerequisite for all induced plant defense mechanisms is the recognition of 

the herbivore or pathogen. To detect an attacking herbivore or an infesting 

pathogen, plants use a variety of environmental cues or internal factors, including 

physical and chemical signals (Rivas, 2011; Jayaraman et al., 2014).  

Chemical signals (elicitors) form a group of structurally non-related molecules. 

They originate from the attacker or are released as endogenous compounds from 

the plant itself. The molecular pattern of elicitors can be recognized by plant 

receptors. Molecular patterns are classified by the originating organisms and are 

divided into microbe-associated molecular patterns (MAMPs), herbivore-

associated molecular patterns, and damage-associated molecular patterns 

(DAMPs) (Maffei et al., 2012). The membrane-bound pattern recognition receptors 

(PRRs) interact with molecular patterns such as MAMPs and initiate the response 

to several stresses to provide the first line of inducible defense (Tena et al., 2011).  

PRRs trigger downstream signaling networks. The pattern recognition 

receptors initiate membrane depolarization caused by the influx of Ca2+ into the 

cytoplasm (Jeworutzki et al., 2010). Ca2+-activated protein kinases and mitogen-

activated protein kinase (MAPK) cascades mediate subsequently the formation of 

phytohormones including abscisic acid (ABA), ethylene (ET), jasmonic acid and its 

derivatives (JA), and salicylic acid (SA) (Tena et al., 2011).  

Signaling pathways that are activated by phytohormones can influence one 

another and specify responses to abiotic and biotic challenges (Koornneef and 

Pieterse, 2008). Jasmonates, especially (+)-7-iso-jasmonic acid (hereafter 

jasmonic acid), are critical for the plant response to herbivore damage. JA 

biosynthesis is regulated by jasmonate ZIM-domain proteins (JAZ) (Wasternack 

and Hause, 2013). JAZ inhibits the expression of the key transcriptional activator, 

MYC2, which also controls JA biosynthesis (Chini et al., 2007). Elevated JA levels, 
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mediated e.g. by MAPK cascades, lead to the proteasomal degradation of JAZ 

proteins. With the degradation of JAZ, MYC2 becomes active and promotes the 

biosynthesis of JA, and the expression of genes encoding for enzymes involved in 

the formation of defense compounds (Xu et al., 2002; Wasternack and Hause, 

2013).  

1.4 Maize defense against insect herbivores  

Maize is one of the world’s most important crops and has become a model 

organism for basic research investigating monocotyledonous plants (Strable and 

Scanlon, 2009). With the comprehensive research resources available for maize, 

surveys can be conducted to study e.g. the plant defense against insect herbivores 

in detail. 

Among the best studied maize defense compounds are the benzoxazinoids 

(Figure 1), which are found predominantly in grasses (Niemeyer, 2009). The 

biosynthesis and regulation will be described in detail in the following section. The 

effects of benzoxazinoids are multi-faceted. For instance, maize cultivars with high 

benzoxazinoid levels are more resistant to larvae of the European corn borer and 

aphids (Klun et al., 1970; Beck et al. 1983). The biological activity is due to 

intermediates of benzoxazinoid breakdown. This breakdown is initiated by 

maceration of maize tissues, and intermediates of this process have been 

described to react with a range of nucleophiles including amino acid residues in 

active sites of enzymes (Cuevas et al., 1990). For example, the benzoxazinoid 

DIMBOA was found to inhibit digestive and detoxifying proteins such as trypsin and 

α-chymotrypsin, esterase, and glutathione-S-transferase (Cuevas et al., 1990; 

Houseman et al., 1992; Mukanganyama et al., 2003). 
 

 

Figure 1. Core pathway of the benzoxazinoid biosynthesis elucidated in Zea mays (A). The biosynthetic 
products are highly concentrated in young seedlings. In maize, biosynthetic genes of the core pathway cluster 
on the short arm of chromosome 4 (B).The physical location on the chromosome is indicated in brackets. ► 
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Other well studied natural products protecting maize against insect herbivores 

are maysin and chlorogenic acid. Maysin, a C-glucoside of the flavone luteolin, is 

highly concentrated in silks. Depending on the cultivar, maysin constitutes up to 

0.9% of the silk fresh weight (Snook et al., 1993). High levels of maysin in silks 

have been considered responsible for the slower growth and arrested development 

of corn earworm larvae (Elliger et al., 1980; Rector et al., 2003). Chlorogenic acid, 

3-caffeoyl-quinic acid, is induced in leaf tissues and silk

in response to herbivory (Bushman et al, 2002). The maize fruit-worm Heliothis zea 

has been found to be sensitive to chlorogenic acid (Isman and Duffey, 1982). 

Besides defense by specialized metabolites, proteases, protease inhibitors, 

elicitor peptides, and ribosome-inactivating proteins are known to contribute to 

resistance against insect herbivores in maize (Pechan et al., 2000; Tamayo et al., 

2000; Huffaker et al., 2011; Lawrence et al., 2012). For example, the maize 

proteinase inhibitor MPI accumulates adjacent to feeding sites of the Egyptian 

cotton leafworm (Spodoptera littoralis) and effectively inhibits elastase and 

chymotrypsin-like activities in the larval midgut (Tamayo et al., 2000). The 

expression of defense proteins in maize has been demonstrated to be influenced 

by a 23 amino acid peptide named ZmPep1 (Huffaker et al., 2011). ZmPep1 is 

induced by jasmonic acid (Huffaker et al., 2011), which as described earlier signals 

plant attack. ZmPep1 reinforces the immune response and leads to the de novo 

biosynthesis of jasmonic acid (Huffaker et al., 2011). The gene Benzoxazinless1, 

encoding the initial enzyme of benzoxazinoid biosynthesis, is also induced by the 

application of ZmPep1 (Huffaker et al., 2011). 

The genetic variation of maize germplasm has been used to map quantitative 

trait loci (QTLs) associated with resistance against insect herbivores (Meihls et al., 

2012). The basis for such approaches are high-resolution physical and genetic 

maps of the 10 maize chromosomes (Gardiner et al., 1993, Wei et al., 2009; Zhou 

et al., 2009; Ganal et al., 2011). Each chromosome is divided into 8 to 12 ‘bins’ 

(100 bins in total), which derive from DNA restriction (Gardiner et al., 1993). Bins 

are characterized by specific molecular markers (Ganal et al., 2011). The 

genotyped nested-association mapping (NAM) population, which represents the 

genetic variation of maize germplasm (Flint-Garcia et al., 2005; Yu et al., 2008; 

McMullen et al., 2009) and the sequenced genome of the maize inbred line B73 

(Schnable et al., 2009) allow, for instance, the mapping of genes responsible for 

differences in specialized metabolite biosynthesis and regulation. I attempted to 

identify and characterize biosynthetic genes underlying maize herbivore resistance 

QTLs, which has rarely been done in the past (Meihls et al., 2012). 



B i o s y n t h e s i s  o f  i n d u c e d  d e f e n s e  c o m p o u n d s  

 13 

1.5 Cyclic hydroxamic acids: Major defense chemicals in grasses 

The major defense compounds in graminaceous plants including maize, wheat and 

rye are benzoxazinoid derivatives, which share the 2-hydroxy-2H-1,4-benzoxazin-

3(4H)-one (HBOA) skeleton (Figure 1). As for many other defense compounds, 

benzoxazinoids are predominantly stored as glycosides in the vacuoles and are 

enzymatically hydrolyzed into the respective aglucone and the sugar moiety upon 

tissue injury (Niemeyer, 2009). A subsequent non-enzymatic breakdown of the 

liberated, unstable aglucones leads to the formation of highly reactive metabolites. 

The stability and reactivity of such compounds is determined by functional groups 

on the benzoxazinone skeleton (Atkinson et al., 1992; Glauser et al., 2011). The 

reactivity of these compounds towards nucleophilic moieties of proteins and nucleic 

acids is thought to be the basis of benzoxazinoid toxicity against a wide range of 

insect herbivores and plant pathogens (Niemeyer, 2009).  

1.6 The benzoxazinoid pathway 

The biosynthesis of benzoxazinoids in maize has been extensively studied since 

the 1990s (Gierl and Frey, 2001; Frey et al., 2009). The first reaction takes place 

in the plastids. Indole-3-glycerol phosphate, which derives from the shikimate 

pathway, is converted to indole catalyzed by the indole-3-glycerol phosphate lyase 

BENZOXAZINLESS1 (BX1). A subsequent stepwise introduction of four oxygen 

atoms by the P450 monooxygenases BX2, BX3, BX4, and BX5 leads to the 

formation of 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA), the core-structure of 

the benzoxazinoid hydroxamic acids. DIBOA acts as substrate for the UDP-

glucosyltransferases, BX8 and BX9, which transform the compound into the stable 

glucoside DIBOA-Glc (Rad et al., 2001). A hydroxylation of DIBOA-Glc at C7 

catalyzed by the 2-oxoglutarate/Fe(II)-dependent dioxygenase BX6 and a 

subsequent methylation of the introduced hydroxyl group catalyzed by the O-

methyltransferase BX7 lead to the production of 2-(2,4-dihydroxy-7-methoxy-1,4-

benzoxazin-3-one)-β-D-glucopyranose (DIMBOA-Glc) in the cytosol (Jonczyk et 

al., 2008). The entire pathway is depicted in Figure 1.  

Besides DIMBOA-Glc, many maize lines produce significant amounts of further 

benzoxazinoid derivatives such as 2-(2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-

one)-β-D-glucopyranose (HDMBOA-Glc), 2-(2,4-dihydroxy-7,8-dimethoxy-1,4-

benzoxazin-3-one)-β-D-glucopyranose (DIM2BOA-Glc), and 2-(2-hydroxy-4,7,8-

trimethoxy-1,4-benzoxazin-3-one)-β-D-glucopyranose (HDM2BOA-Glc) 

(Makowska et al., 2015).  
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Upon jasmonic acid treatment, insect herbivory or fungal infestation, 

HDMBOA-Glc accumulates and becomes the dominant benzoxazinoid in maize 

(Oikawa et al., 2002; Oikawa et al., 2004; Glauser et al., 2011; Dafoe et al., 2011; 

Marti et al., 2013). The biosynthesis of HDMBOA-Glc has been investigated in 

wheat (Oikawa et al., 2002). Feeding of wheat leaf protein extracts with DIMBOA-

Glc and the methyltransferase co-factor S-adenosyl-L-methionine resulted in the 

formation of HDMBOA-Glc, indicating a 4-O-methyltransferase activity (Oikawa et 

al., 2002). However, the responsible O-methyltransferase enzymes in wheat and 

maize were unknown. Analogous to the formation of HDMBOA-Glc, HDM2BOA-

Glc is likely derived from DIM2BOA-Glc by a methylation of the hydroxamic group 

(Glauser et al., 2011) (Figure 4). The synthesis of DIM2BOA-Glc was assumed to 

include similar catalytic steps as already described for the conversion of DIBOA-

Glc to DIMBOA-Glc catalyzed by the 2-oxoglutarate/Fe(II)-dependent dioxygenase 

BX6 and the 7-O-methyltransferase BX7 (Jonczyk et al., 2008) (Figure 1 and 4). 

Uncovering the enzymes involved in the biosynthesis of HDMBOA-Glc, DIM2BOA-

Glc, and HDM2BOA-Glc and their role in plant defense was a major objective of 

this work. 

1.7 Bx gene cluster and the regulation of benzoxazinoid formation 

It has been shown that genes of the core benzoxazinoid pathway including Bx1, 

Bx2, Bx3, Bx4, Bx5, Bx6, and Bx8 are located in close proximity to each other on 

the short arm of maize chromosome 4 (Frey et al., 2009) (Figure 1). In general, 

such an organization of functionally related genes in ‘operon-like’ gene clusters in 

plants is considered to synchronize the regulation of gene expression and thus 

reduce the regulatory flexibility on the single gene level (Jonczyk et al., 2008; 

Osbourn, 2010).  

Enzymes competing for substrates at branch points between primary and 

secondary metabolism often have dramatic effects on the velocity of downstream 

reactions and thus determine the concentration of the respective end products 

(LaPorte et al., 1984; Sato et al., 1999). In addition to BX1, indole-3-glycerol 

phosphate lyase (IGL) and tryptophan synthase (TS) also utilize indole-3-glycerol 

phosphate as substrate, yielding volatile indole and tryptophan, respectively. 

Sequence polymorphisms at Bx1 and differences in Bx1 expression in a diverse 

panel of maize inbred lines dominantly affected the formation of the end product 

DIMBOA-Glc (Butrón et al., 2010; Zheng et al., 2015). The expression of Bx1 has 

been shown to be controlled by distal cis-acting regulatory elements (Zheng et al., 

2015).  
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DIMBOA-Glc as the most abundant BXD in maize is mainly produced in young 

seedlings 4–6 days after germination and declines thereafter (Cambier et al., 

2000). In contrast, DIBOA-Glc, the DIMBOA-Glc precursor, is continuously 

synthesized and accumulates in older vegetative stages (Köhler et al., 2015). 

HDMBOA-Glc and HDM2BOA-Glc also accumulate in older tissues (Cambier et al., 

2000; Köhler et al., 2015) and their formation can be induced upon insect herbivory 

and fungus infection (Oikawa et al., 2004; Glauser et al., 2011; Köhler et al., 2015). 

Interestingly, the magnitude of HDMBOA-Glc induction declines with the age of the 

plant, indicating that HDMBOA-Glc formation is primarily controlled by the level of 

DIMBOA-Glc (Köhler et al., 2015). Thus, the regulation of the entire BXD pathway, 

which is strongly connected to the developmental stage of the maize plant, seems 

to be regulated by the first enzymes and supports the theory of gene-regulation in 

‘operon-like’ clusters (Osbourn, 2010; Köhler et al., 2015).  

1.8 Plant 2-oxoglutarate/Fe(II)-dependent dioxygenases 

2-oxoglutarate/Fe(II)-dependent dioxygenases (2-ODDs) catalyze a wide array of 

different reactions such as hydroxylations, demethylations, desaturations, ring 

closures, ring cleavage, epimerizations, rearrangements, halogenations, and 

demethylenations (Farrow and Facchini, 2014). More than 0.4% of maize genes 

encode 2-ODDs; however, only a few of them have been cloned and characterized.  

2-ODDs depend on ferrous iron as a co-factor, which is essential for the binding 

of molecular oxygen and the subsequent oxidative reactions (Figure 2). This co-

factor is complexed by two histidine residues and a glutamate / aspartate residue 

as part of the highly conserved HX(D/E)XnH triad motif (Hegg and Que, 1997; 

Hewitson et al., 2005). For almost all reactions catalyzed by 2-ODDs, the oxidation 

of the substrate is coupled to the oxidation and subsequent decarboxylation of the 

co-substrate 2-oxoglutarate, resulting in the formation of the product, succinate, 

and carbon dioxide (Hangasky et al., 2013) (Figure 2).  

Along the evolutionary line from algae to angiosperms, the number of 2-ODDs 

involved in specialized metabolite biosynthesis has increased steadily, which is 

thought to be the result of adaptation to new environmental stresses caused by the 

migration to land (Kawai et al., 2014). 2-ODDs catalyze e.g. the formation of 

flavones (FSN1) (Britsch, 1990; Falcone Ferreyra et al., 2015), the modification of 

the methylsulfinylalkyl glucosinolate side chain (AOP2 and AOP3) (Kliebenstein et 

al, 2001; Hansen et al., 2008), the synthesis of alkaloids such as scopolamine 

(H6H) (Hashimoto and Yamada, 1987), and the formation of the 
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Figure 2. Catalytic cycle of prolyl hydroxylase, which belongs to the enzymatic class of 2-oxoglutarate/Fe(II)-
dependent dioxygenases. Modified from Smirnova et al., 2012. 
 

core structure of coumarins (F6’H1) (Kai et al., 2008). In contrast to their role in 

secondary metabolism, 2-ODDs also play essential roles in primary metabolism 

(Kawai et al., 2014). Posttranscriptional modifications of amino acid side chains by 

2-ODDs, e.g. the hydroxylation of peptidyl-proline leading to peptidyl-4-

hydroxyproline (Hutton et al., 1967), are crucial for structural proteins and can as 

well function as sensors for hypoxia (Vigani et al., 2013). 2-ODDs have been further 

shown to redundantly demethylate repressive histone methylations enabling 

subsequent transcription (Cho et al., 2012), and to contribute to the homeostasis 
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of phytohormones by synthesizing or inactivating intermediates in the auxin, 

ethylene, gibberellin, and salicylic acid metabolism (Farrow and Facchini, 2014).  

The benzoxazinoid pathway as described so far comprises a single 

characterized 2-ODD, the DIBOA-Glc hydroxylase BX6. However, the formation of 

DIM2BOA-Glc includes a further hydroxylation step, which again could be 

catalyzed by a 2-ODD enzyme. 

1.9 Plant O-methyltransferases 

O-Methyltransferases (OMTs) catalyze the transfer of a methyl group from the co-

factor S-adenosyl-L-methionine (SAM) to the hydroxyl group of an acceptor 

molecule, resulting in the formation of the respective methyl ether and S-adenosyl-

L-homocysteine (SAH). Many OMTs are characterized by a high degree of 

specificity towards their substrate molecules and regioselectivity of the methylation 

site (Ibrahim, 1997; Ibrahim et al., 1998), although they often share a high amino 

acid sequence similarity. Only a few OMTs have been shown to accept multiple 

structurally related compounds such as phenylpropanoids and flavonoids 

(Gauthier et al., 1996; Chiron et al., 2000).  

The majority of plant OMTs (≥92%) possesses five highly conserved regions, 

rich in glycine, in the C-terminal part of the protein sequence (Ibrahim, 1997, 

Ibrahim et al., 1998). Region I (VDVGGG), II (GINFDLPH), and III (EHVGGDMF) 

have been identified to be involved in SAM binding (Zubieta et al, 2001). Region 

IV (GKVI) and V (GGERT), which flank the substrate binding site, are involved in 

metal ion binding and contain the catalytic residues (Vidgren et al., 1994, Zubieta 

et al, 2001). A second unique feature of plant O-methyltransferases is an N-

terminal domain. This domain is responsible for the dimerization of OMTs, which 

appears to be common to plant O-methyltransferases (Zubieta et al, 2001). The 

interface between homodimers forms the back wall of the substrate binding site, 

which determines the substrate specificity of OMTs (Zubieta et al, 2001). The 

formation of non-native heterodimers of four highly similar OMTs (93 – 99%) 

involved in the berberine biosynthesis led to changes in substrate specificity 

profiles and in some cases the different isoforms accept new substrates (Frick and 

Kutchan, 1999).  

SAM-dependent O-methyltransferase products play many roles in plant growth 

and development, defense against microbes, seed germination, and the interaction 

with the environment (Hahlbrock and Scheel, 1989; Siqueira et al., 1991). 

Furthermore, O-methylation of specialized metabolites has been shown to increase 

the specific activity of these compounds (Ibrahim et al., 1987; Preisig et al., 1989; 

Dixon and Palva, 1995). 
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Based on phylogenetic analysis and substrate specificities, plant OMTs have 

been divided into two major groups (Lam et al., 2007). Enzymes of group I 

methylate CoA esters of phenylpropanoids, which are essential for lignin 

biosynthesis, and a variety of smaller organic acids such as benzoic acid, jasmonic 

acid, or salicylic acid (Lam et al., 2007). Group I OMTs have been found to be 

mostly involved in the biosynthesis of guaiacyl-like lignin (Lam et al., 2007). Lignin 

of primitive land plants consists almost entirely of guaiacyl (Boerjan et al., 2003), 

suggesting that OMTs from group I may have evolved early in the evolution of 

vascular plants (Lam et al., 2007). Subsequent evolutionary forces including 

convergent and divergent processes may have given rise to functionalization, the 

high substrate specificity, and the strong regioselectivity of group II OMTs (Lam et 

al., 2007).  

Substrates of group II OMTs in the subordinate phylogenetic clusters are in the 

majority of cases structurally related (Lam et al., 2007). For instance, 

benzoxazinoids and flavonoids have common structural features and it has been 

shown that the benzoxazinoid 7-O-methyltransferase Bx7 clusters with a flavonoid 

7-O-methyltransferase from Hordeum vulgare (HvF7Omt) (Jonczyk et al., 2008). 

Therefore O-methyltransferases synthesizing the benzoxazinoids DIM2BOA-Glc, 

HDMBOA-Glc, and HDM2BOA-Glc are very likely similar to BX7. 

1.10 The formation of aldoximes by cytochrome P450 enzymes: An 

entry point to natural product biosynthesis 

Aldoximes are known as precursors for a variety of specialized metabolites such 

as glucosinolates, cyanogenic glycosides, and camalexin (Halkier and 

Gershenzon, 2006; Bak et al., 2006; Nafisi et al., 2006; Bjarnholt and Møller, 2008; 

Jørgensen et al., 2011). Aldoximes are produced from their corresponding amino 

acids by P450 enzymes of the CYP79 family (Figure 3; Hamberger and Bak, 2013). 

The first reported CYP79 enzyme (CYP79A1) was characterized in Sorghum, a 

plant species closely related to maize. CYP79A1 catalyzes the conversion of L-

tyrosine to p-hydroxyphenylacetaldoxime (Figure 3), which is subsequently 

converted to the cyanogenic glycoside dhurrin (Koch et al., 1995; Sibbesen et al., 

1995). 

CYP79s are unique among cytochrome P450 enzymes by not accepting 

lipophilic substrates, but utilizing exclusively amino acids (Hamberger and Bak, 

2013). However consistently, the amino acid substrates identified so far, L-tyrosine, 

L-phenylalanine, L-tryptophan, L-alanine, L-leucine and L-isoleucine, all have 

lipophilic side chains. As a result of N-hydroxylation, dehydration, decarboxylation, 
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and a final isomerization, the amino acid substrate is converted to its appropriate 

aldoxime (Figure 3) (Koch et al., 1995; Sibbesen et al., 1995). 

 

 
Figure 3. The multifunctional P450 enzyme CYP79A1 catalyzes the conversion of L-tyrosine into (E)-p-
hydroxy-phenylacetaldoxime. In sorghum, (E)-p-hydroxy-phenylacetaldoxime is further converted to the 
cyanogenic glucoside dhurrin. Modified from Sibbessen et al.,1995. 

 

The formation of activated oxygen species, needed for the biosynthesis of 

aldoximes, is common to all cytochrome P450 enzymes (Werck-Reichart and 

Feyereisen, 2000). The active center of CYPs is composed of the iron-

protoporphyrin IX (heme) with a thiolate of a conserved cysteine residue as fifth 

ligand (Werck-Reichart and Feyereisen, 2000). In the first step, water as the sixth 

iron-ligand is replaced by the substrate. Supported by the increase in redox 

potential, the ferrous state of the complex is decreased in a one-electron reduction. 

Further, molecular oxygen is bound, which results in a superoxide complex. Then 

a second reduction step yields an activated oxygen species (Werck-Reichart and 

Feyereisen, 2000).  

Members of the CYP79 family are found in all so far sequenced plant genomes, 

including monocotyledons and dicotyledons (Irmisch et at., 2013). In poplar which 

produces no aldoxime-derived defense compounds, two CYP79 paralogues, 

CYP79D6v3 and CYP79D7v2, have been characterized (Irmisch et at., 2013). Both 

enzymes accept L-tyrosine, L-phenylalanine, L-tryptophan, L-leucine and L-

isoleucine and yield the corresponding aldoxime (Irmisch et at., 2013). The 

enzymatic products are particularly formed subsequent to herbivory (Irmisch et at., 

2013; McCormick et al., 2014). The major aldoximes in the volatile blend, 

phenylacetaldoxime, 3-methylbutyraldoxime, and 2-methylbutyraldoxime have 

been shown to contribute to direct as well indirect plant defense (Irmisch et at., 

2013; McCormick et al., 2014). Indole-3-acetaldoxime (IAOx), only present in trace 

amounts in poplar leaf extracts (Irmisch et at., 2013), is discussed to be a precursor 

for the biosynthesis of indole-3-acetic acid (IAA), which is widely known to be 

involved in many aspects of plant growth and development (Sugawara et al., 2009; 
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Novák et al, 2012). IAOx is suggested to be metabolized to indole-3-acetonitrile 

(IAN) (Normanly et al., 1997; Sugawara et al., 2009). IAN itself is again found to 

contribute to chemical defense in crucifers (Pedras et al., 2002). Nitrilases 

identified in Arabidopsis and maize are thought to convert IAN subsequently to IAA 

(Normanly et al., 1997, Park et al., 2003). 

The maize genome comprises four putative CYP79 sequences with unknown 

function (Irmisch et at., 2013). In contrast to Sorghum, maize is not known to 

produce cyanogenic glycosides, suggesting that the putative CYP79 enzymes are 

involved in volatile aldoxime formation or IAA biosynthesis. The role of CYP79 

enzymes in maize became another objective of this work.
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Buckler, Matthias Erb, Tobias G. Köllner and Georg Jander. (2013). THE PLANT 

CELL, 25: 2341-2355. 

SUMMARY 

Maize cultivars differ greatly in their susceptibility towards insect herbivores. 

Genetic mapping of maize leaf aphid susceptibility and the formation of O-

methylated benzoxazinoids, well known as plant defense compounds in grasses, 

revealed the same quantitative trait locus on chromosome 1. The metabolic QTL 

on chromosome 1 comprises three O-methyltransferases (OMTs) methylating the 

most abundant benzoxazinoid DIMBOA-Glc. DIMBOA-Glc levels, determined by 

the mapped OMTs on chromosome 1, positively correlated with callose deposition 

in response to leaf aphid infestation, suggesting additional signaling properties of 

DIMBOA-Glc or its aglucone. 
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SUMMARY 

From amino acids, plants produce a group of aldoxime compounds, which are 

known as volatiles and as precursors in cyanogenic glycoside, glucosinolate, and 

presumably plant hormone biosynthesis. A maize cytochrome P450 enzyme of the 

CYP79 family catalyzes the formation of (E/Z)-phenylacetaldoxime and (E/Z)-

indole-3-acetaldoxime. The accumulation of (E/Z)-phenylacetaldoxime in leaves 

upon simulated herbivory is linked with a role in plant defense and both aldoximes 

are suggested as precursors of the induced plant hormones phenylacetic acid and 

indole-3-acetic acid. 
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SUMMARY 

Benzoxazinoids are major defense compounds in maize and other grasses. A 

genome-wide association mapping strategy was used to identify quantitative trait 

loci comprising the dioxygenase and two O-methyltransferases that catalyze the 

conversion of DIMBOA-Glc into the 8-O-methylated benzoxazinoids, DIM2BOA-Glc 

and HDM2BOA-Glc. This branch of the pathway specifically increases maize 

resistance against aphids.  
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SYNOPSIS 

Benzoxazinoids are major defense compounds in maize and other grasses. We 

used a genome-wide quantitative trait mapping strategy to identify a dioxygenase 

and two O-methyltransferases that catalyze the conversion of DIMBOA-Glc into 

the 8-O-methylated benzoxazinoids, DIM2BOA-Glc and HDM2BOA-Glc. We further 

show that this branch of the pathway specifically increases maize resistance 

against aphids.   
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ABSTRACT 

Benzoxazinoids are important defense compounds in grasses. Here, we investi-

gated the biosynthesis and biological roles of the 8-O-methylated benzoxazinoids, 

DIM2BOA-Glc and HDM2BOA-Glc. Using quantitative trait locus mapping and het-

erologous expression, we identified a 2-oxoglutarate-dependent dioxygenase 

(BX13) which catalyzes the conversion of DIMBOA-Glc into a new benzoxazinoid 

intermediate (TRIMBOA-Glc) by an uncommon reaction involving a hydroxylation 

and a likely ortho-rearrangement of a methoxy group. TRIMBOA-Glc is then con-

verted to DIM2BOA-Glc by a previously described O-methyltransferase BX7. Fur-

thermore, we identified a new O-methyltransferase (BX14) that converts DIM2BOA-

Glc to HDM2BOA-Glc. The role of these enzymes in vivo was demonstrated by 

characterization of recombinant inbred lines, including Oh43, which has a point 

mutation in the start codon of Bx13 and lacks both DIM2BOA-Glc and HDM2BOA-

Glc, and Il14h, which has an inactive Bx14 allele and lacks HDM2BOA-Glc in 

leaves. Experiments with near-isogenic maize lines (NILs) derived from crosses 

between B73 and Oh43 revealed that the absence of DIM2BOA-Glc and 

HDM2BOA-Glc does not alter the constitutive accumulation or deglucosylation of 

other benzoxazinoids. The growth of various chewing herbivores was not signifi-

cantly affected by the absence of BX13-dependent metabolites, while aphid per-

formance increased, suggesting that DIM2BOA-Glc and/or HDM2BOA-Glc provide 

specific protection against phloem feeding insects.   
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INTRODUCTION 

To protect themselves from herbivores, plants synthesize diverse arrays of toxic 

metabolites. Benzoxazinoids are among the most important plant defense com-

pounds in many grasses, including wheat and maize (Niemeyer, 2009). They are 

predominantly stored as glucosides in the vacuoles and are enzymatically hydro-

lyzed into the respective aglucones and sugars upon tissue injury (reviewed in Nie-

meyer, 2009). Subsequent non-enzymatic breakdown of the unstable aglucones 

leads to the formation of highly reactive metabolites that are toxic to a wide range 

of chewing and phloem-feeding insect herbivores and plant pathogens (Niemeyer, 

2009). However, certain herbivores can circumvent benzoxazinoid toxicity by re-

glucosylating the aglucones (Glauser et al., 2011; Wouters et al., 2014) and their 

breakdown products (Maag et al., 2014). Specialized maize feeders like the west-

ern corn rootworm (Diabrotica virgifera virgifera) and the fall armyworm (Spodop-

tera frugiperda) even use benzoxazinoids as foraging cues (Köhler et al., 2015; 

Robert et al., 2012).  

The core biosynthetic pathway of the major maize benzoxazinoid 2-(2,4-di-

hydroxy-7-methoxy-1,4-benzoxazin-3-one)-β-D-glucopyranose (DIMBOA-Glc) has 

been extensively studied (Gierl and Frey, 2001; Jonczyk et al., 2008; reviewed in 

Frey et al., 2009). The biosynthesis starts in the plastids with the conversion of the 

shikimate pathway-derived indole-3-glycerol phosphate into indole, catalyzed by 

the indole-3-glycerol phosphate lyase benzoxazinoneless 1 (BX1). A subsequent 

stepwise introduction of four oxygen atoms by the P450 monooxygenases BX2, 

BX3, BX4, and BX5 leads to the formation of 2,4-dihydroxy-1,4-benzoxazin-3-one 

(DIBOA), the core structure of the benzoxazinoids. DIBOA acts as substrate for the 

UDP-glucosyltransferases BX8 and BX9, which transform the toxic compound into 

the stable glucoside DIBOA-Glc (von Rad et al., 2001). A hydroxylation of DIBOA-

Glc at C-7, catalyzed by the 2-oxoglutarate-dependent dioxygenase (2ODD) BX6, 

and a subsequent methylation of the introduced hydroxyl group, catalyzed by the 

O-methyltransferase BX7, lead to the production of DIMBOA-Glc in the cytosol 

(Jonczyk et al., 2008).  

DIMBOA-Glc is the most abundant benzoxazinoid in young and undamaged 

leaves of many maize lines, reaching levels up to 3 mg g-1 fresh weight (Meihls et 

al., 2013). However, upon insect herbivory or fungal infestation, its derivative 2-(2-
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hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one)-β-D-glucopyranose (HDMBOA-

Glc) accumulates and becomes the dominant benzoxazinoid (Oikawa et al., 2004; 

Glauser et al., 2011; Dafoe et al., 2011; Marti et al., 2013). Three homologous O-

methyltransferases (BX10, BX11, and BX12; formerly designated BX10a, BX10b, 

and BX10c) convert DIMBOA-Glc into HDMBOA-Glc by S-adenosyl-L-methionine-

dependent methylation of the hydroxamic group of DIMBOA-Glc (Meihls et al., 

2013). After tissue maceration caused, for example, by chewing herbivores, DIM-

BOA-Glc and HDMBOA-Glc are hydrolyzed by endogenous β-glucosidases, re-

sulting in the liberation of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIM-

BOA) and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA), respec-

tively (Babcock and Esen, 1994; Czjzek et al., 2000). Although both aglucones are 

unstable, non-enzymatic breakdown is faster for HDMBOA than for DIMBOA and 

HDMBOA has been associated with increased resistance against leaf-chewing 

herbivores (Oikawa et al., 2004; Maresh et al., 2006; Glauser et al., 2011; Meihls 

et al., 2013). On the other hand, the decline in DIMBOA-Glc as a result of increased 

HDMBOA-Glc production has been shown to be associated with a reduction in 

callose deposition, which increases the plant’s susceptibility to phloem feeding 

aphids (Ahmad et al, 2011; Meihls et al, 2013; Tzin et al, 2015).  

Besides DIMBOA-Glc and HDMBOA-Glc, many maize lines produce signif-

icant amounts of other benzoxazinoid derivatives such as the 8-O-methylated com-

pounds, 2-(2,4-dihydroxy-7,8-dimethoxy-1,4-benzoxazin-3-one)-β-D-glucopyra-

nose (DIM2BOA-Glc) and 2-(2-hydroxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one)-β-

D-glucopyranose (HDM2BOA-Glc) (Cambier et al., 1999; Glauser et al., 2011). 

DIM2BOA-Glc is most likely formed through the addition of a methoxy group to 

DIMBOA-Glc. HDM2BOA-Glc, on the other hand, is likely derived from DIM2BOA-

Glc by a methylation of the hydroxamic group and is also induced after herbivory 

(Glauser et al., 2011). In contrast to the other major benzoxazinoids, the biosyn-

thesis and biological relevance of DIM2BOA-Glc and HDM2BOA-Glc are unknown. 

To elucidate the biosynthesis of DIM2BOA-Glc and HDM2BOA-Glc, we took 

advantage of the sequenced genome of the maize inbred line B73 (Schnable et 

al., 2009), the availability of high-resolution physical and genetic maps (Wei et al., 

2009; Zhou et al., 2009; Ganal et al., 2011) and the nested association mapping 

(NAM) population generated from 25 diverse maize inbred lines (Flint-Garcia et al., 

2005; Yu et al., 2008; McMullen et al., 2009). Using quantitative trait locus (QTL) 
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mapping combined with heterologous expression, we were able to identify en-

zymes involved in DIM2BOA-Glc and HDM2BOA-Glc formation. To understand the 

importance of the identified enzymes in benzoxazinoid biosynthesis, we analyzed 

the genetic basis of natural variation in constitutive and herbivore-induced 

DIM2BOA-Glc and HDM2BOA-Glc levels. Finally, the generation of near-isogenic 

maize lines that differ in their capacity to produce DIM2BOA-Glc and HDM2BOA-

Glc allowed us to study the importance of these compounds for the interaction be-

tween maize and different herbivores. Our experiments show that DIM2BOA-Glc 

and HDM2BOA-Glc are produced through an unexpected intermediate and specif-

ically increase maize resistance to aphids. 

 

RESULTS 

Natural variation in constitutive and induced DIM2BOA-Glc and HDM2BOA-

Glc  

To identify genes responsible for the formation of DIM2BOA-Glc and HDM2BOA-

Glc in maize, we first profiled their abundance in the leaves and roots of different 

NAM parental maize lines. In the leaves, DIM2BOA-Glc levels varied substantially, 

ranging from 18 µg g-1 FW in the inbred line CML277 to 600 µg/g FW in the inbred 

line P39 (Figure 1A). This pattern is consistent with earlier findings (Meihls et al., 

2013). In the roots, concentrations varied between 42 µg g-1 FW in CML322 and 

1000 µg g-1 FW in Mo18W. One inbred line, Oh43, produced no detectable amounts 

of DIM2BOA-Glc in either leaves or roots. The constitutive concentrations of 

HDM2BOA-Glc were lower than those of DIM2BOA-Glc, with the highest concen-

trations being found in the leaves of HP301 (27 µg g-1 FW) and the roots of CML277 

(339 µg g-1 FW). Again, Oh43 contained no detectable amounts of HDM2BOA-Glc 

in both tissues (Figure 1A). Several other lines produced no detectable amounts of 

HDM2BOA-Glc. Apart from their consistent absence in Oh43, no clear correlations 

between leaf- and root DIM2BOA-Glc and HDM2BOA-Glc levels were found across 

the different parental lines (Pearson Product Moment Correlations, P > 0.05).  
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Figure 1. Benzoxazinoid abundance in leaves and roots of the nested association mapping (NAM) parental 
lines. (A) DIM2BOA-Glc (top) and HDM2BOA-Glc (bottom) concentrations in the leaves and roots of the NAM 
parental lines. Lines are sorted by average leaf-concentrations. DIM2BOA-Glc was not detectable in the line 
Oh43. n = 3 - 6. (B) Induction of DIM2BOA-Glc and HDM2BOA-Glc in the leaves of the lines B73 and P39 at 
different time points. Herbivory was mimicked by wounding and application of Spodoptera exigua regurgitant. 
Fold changes compared to non-elicited controls are shown. Stars indicate significant differences in inducibility 
between B73 and P39 (n = 5, Student’s t-test, P < 0.05). Dashed lines indicate trait differences that were used 
for QTL-mapping. 
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HDM2BOA-Glc is known to be induced by biotic stresses such as pathogen 

infestation and insect feeding (Oikawa, 2004; Ahmad et al., 2011; Marti et al., 

2013). Preliminary screens indicated that different NAM parental lines also differ in 

their inducibility (Supplemental Tables 1 and 2). We therefore profiled herbivore-

induced changes in two NAM lines, B73 and P39, in detail. Leaves were wounded 

on one side of the midrib and treated with regurgitant of the generalist beet 

armyworm (Spodoptera exigua) to mimic herbivory (Erb et al., 2009). In both lines, 

DIM2BOA-Glc concentrations did not significantly change upon this mock herbivory 

treatment. However, we observed a significant local accumulation of HDM2BOA-

Glc after application of insect regurgitant, which was more than 40-fold greater in 

P39 than in B73 (Figure 1B). No changes in DIM2BOA-Glc or HDM2BOA-Glc were 

observed on the other side of the midrib of the induced leaves (Supplemental Fig-

ure 0). 

 

Mapping of constitutive and induced DIM2BOA-Glc and HDM2BOA-Glc pro-

duction revealed three QTLs on chromosomes 2 and 4 

Based on our initial screening, we performed several QTL mapping experiments 

using recombinant inbred lines derived from crosses between B73 and the other 

NAM lines. Due to the significant differences between constitutive DIM2BOA-Glc 

and HDM2BOA-Glc content in leaves of the inbred lines P39 and B73 (Figure 1A; 

DIM2BOA-Glc, n ≥ 4, P < 0.05; HDM2BOA-Glc, n ≥ 4, P < 0.05), we first mapped 

constitutive production of both compounds in the recombinant inbred population 

B73 x P39. Mapping of DIM2BOA-Glc revealed three QTLs, Bb1, Bb2, and Bb3 

(benzoxazinoid biosynthesis 1 – 3), located on chromosomes 2 and 4 (bins 2.05, 

2.09 and 4.03, respectively, Figure 2A, Supplemental Table 3). In contrast, the 

HDM2BOA-Glc mapping resulted in two QTLs on chromosome 2 which were iden-

tical to Bb1 and Bb2 (Figure 2B). On average, each of the identified QTLs covered 

about 900 putative coding DNA sequences.  

In contrast to inbred line P39, which produced the largest leaf amounts of 

DIM2BOA-Glc among all the tested NAM parental lines, inbred line Oh43 accumu-

lated no detectable amounts of this compound (Figure 1A). We therefore mapped 

the constitutive production of DIM2BOA-Glc in the B73 x Oh43 recombinant inbred 

population. The mapping identified one QTL on chromosome 2 that was identical 

to Bb2 (Figure 2C, Supplemental Table 3).  
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Figure 2. QTL mapping of constitutive and herbivore-induced content of DIM2BOA-Glc and HDM2BOA-Glc in 
different recombinant inbred line (RIL) populations. Constitutive DIM2BOA-Glc content was mapped using the 
B73 x P39 (A), B73 x Oh43 (C), and B73 x Mo17 (D) RIL populations and resulted in three benzoxazinoid 
biosynthesis QTLs, Bb1 – 3, on chromosomes 2 and 4. Mapping of constitutive HDM2BOA-Glc levels using 
the B73 x P39 RIL population (B) and B73 x Mo17 population (E) resulted in Bb1 and Bb2. Mapping of 
HDM2BOA-Glc abundance (F) in herbivory-induced leaves also resulted in Bb2.  

Differences in root DIM2BOA-Glc content between the B73 and Mo17 NAM 

lines (Figure 1A) allowed us to use the Mo17 x B73 population for mapping 

DIM2BOA-Glc concentration in the roots. This experiment also revealed the QTL 

Bb2 on chromosome 2 (Figure 2D, Supplemental Table 3). Although HDM2BOA-

Glc concentrations in B73 and Mo17 roots were not significantly different (Figure 

1A), there is transgressive segregation for this trait and genetic mapping with the 

Mo17 x B73 population identified the Bb1 and Bb2 loci (Figure 2E), as in the case 
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of the B73 x P39 mapping population (Figure 2B). To gain insight into the genetic 

control of herbivore-induced formation of HDM2BOA-Glc, we mapped the concen-

tration of this compound in S. exigua-induced leaf sections of the B73 x P39 pop-

ulation. Again, as in all previous mapping experiments, a major QTL identical to 

Bb2 was mapped (Figure 2F, Supplemental Table 3), suggesting that Bb2 is re-

quired for the formation of both constitutive DIM2BOA-Glc and herbivore-induced 

HDM2BOA-Glc. 

  

The QTL Bb2 contains a candidate dioxygenase gene Bx13 

Given that the formation of the core benzoxazinoid, DIMBOA-Glc, might follow a 

linear pathway (Frey et al., 2009; Meihls et al., 2013), we hypothesized that 

DIM2BOA-Glc is produced from DIMBOA-Glc via hydroxylation of the aromatic ring 

at C-8 and subsequent methylation of the hydroxyl group. Such a reaction se-

quence is analogous to the formation of DIMBOA-Glc from DIBOA-Glc, which has 

been shown to involve the hydroxylation of the aromatic ring at C-7 and the meth-

ylation of the resulting hydroxyl group, catalyzed by the 2-oxoglutarate-dependent 

dioxygenase (2ODD) BX6 and the O-methyltransferase (OMT) BX7, respectively 

(Jonczyk et al., 2008). While two of the identified QTLs, Bb1 and Bb3, contain at 

least one putative OMT gene, only one QTL, Bb2, contained a putative 2ODD gene 

(AC148152.3_FG005). Since a sequence comparison with maize 2ODDs similar 

to AC148152.3_FG005 revealed that the mapped 2ODD gene clustered with Bx6 

(Figure 3A), we hypothesized that AC148152.3_FG005 encode the first enzymatic 

step in the formation of DIM2BOA-Glc from DIMBOA-Glc.  

 

BX13 catalyzes the oxidation of DIMBOA-Glc to TRIMBOA-Glc 

To test the enzymatic activity of AC148152.3_FG005, we heterologously ex-

pressed the P39 allele in Escherichia coli. Enzyme assays containing the purified 

protein, the potential substrate DIMBOA-Glc, and the co-substrate 2-oxoglutarate 

resulted in the formation of a single product, while a control assay containing the 

nickel affinity-purified protein fraction from E. coli expressing the empty vector 

showed no product formation (Figure 3B). Liquid chromatography-mass spectro-
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Figure 3. Identification, characterization and product identification of BX13. (A) Dendrogram analysis (un-
rooted tree) of maize 2ODD genes similar to Bx6-B73. The tree was inferred using the maximum likelihood 
method and N = 1000 replicates for bootstrapping. Bootstrap values are shown next to each node. The tree is 
drawn to scale, with branch lengths measured in the number of substitutions per site. The candidate gene that 
has been mapped on chromosome 2 (QTL Bb2) is marked in grey. The alignment is available in Supplemental 
Data Set 1 online. (B) Purified recombinant BX13 as well as the empty vector control were incubated with 
DIMBOA-Glc and the co-factors Fe(II) and 2-oxoglutarate. Product formation was analyzed by LC-MS/MS. 
The relative intensities of the LC-MS/MS transitions are shown. (C) Partial HMBC spectrum (500 MHz) of 
TRIMBOA-Glc displaying correlation signals between protons and carbon atoms of the aglucone through 
three-bonds. The OCH3/C-8 cross signal verifies the position of the O-methyl group at C-8.  
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metry (LC-MS/MS) analysis of the enzyme product revealed a fragmentation pat-

tern consistent with an oxidized DIMBOA-Glc  (Supplemental Figure 1). Activity 

assays with HDMBOA-Glc showed that AC148152.3_FG005 was not able to ac-

cept this compound as substrate (Supplemental Figure 2). Notably, BX6, which 

shares 77% identity at the amino acid level to AC148152.3_FG005, showed no 

activity with DIMBOA-Glc (Supplemental Figure 2). Due to the catalytic activity of 

AC148152.3_FG005, we renamed the enzyme BX13, following the nomenclature 

for enzymes involved in benzoxazinoid biosynthesis (Frey et al., 2009). 

In order to isolate the DIMBOA-Glc oxidation product for NMR analysis, 300 

enzyme assays were performed and pooled. Product purification was done using 

semi-preparative HPLC, resulting in approximately 100 µg of pure compound. 

While the NMR measurements confirmed the known structure of the BX13 sub-

strate DIMBOA-Glc, containing a methoxy group at C-7 of the aromatic ring, NMR 

analysis of the enzyme product revealed an unexpected structure, 2-(2,4,7-trihy-

droxy-8-methoxy-1,4-benzoxazin-3-one)-β-D-glucopyranose (TRIMBOA-Glc, Sup-

plemental Table 5) with a hydroxyl group at C-7 and a methoxy group at C-8 of the 

aromatic ring (Figure 3C). 

 

The DIM2BOA-Glc-free inbred line Oh43 possesses a mutated allele of Bx13 

In the NAM parental population, Oh43 was the only inbred line lacking any detect-

able amounts of DIM2BOA-Glc and HDM2BOA-Glc (Figure 1). A nucleotide se-

quence alignment of Bx13-P39 with genomic Oh43 Illumina sequences 

(SRX119503, http://blast.ncbi.nlm.nih.gov) revealed allelic variation within the 

Bx13 start codon (Bx13-P39, ATG; Bx13-Oh43, TTG; Figure 4A). To verify this 

mutation, we sequenced the complete Bx13-B73 open reading frame amplified 

from Oh43 cDNA. Since there was a second in-frame start codon 41 codons down-

stream from the first ATG, the mutation of the Oh43 allele presumably results in a 

shorter open reading frame encoding a protein that lacks the first 41 amino acids 

(Supplemental Figures 3 and 4). Although alignments with crystallized plant 2ODD 

sequences revealed that the putative active site was unaffected by the truncation 

(Supplemental Figure 4), truncated recombinant BX13-Oh43 showed no enzymatic 

activity with DIMBOA-Glc (Figure 4B).  
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Figure 4. A mutation in the Bx13 allele from the inbred line Oh43 causes loss of enzyme activity in vitro and 
in vivo. (A) Sequence alignment of Bx13-P39 and Bx13-Oh43. The two arrows indicate the start codon muta-
tion of the Oh43 allele and the alternative start-codon, respectively. The complete alignment is shown in Sup-
plemental Figure 3. (B) Activity assays of purified enzymes incubated with DIMBOA-Glc, the co-factors Fe(II), 
and 2-oxoglutarate. Shown are the relative intensities of the specific LC-MS/MS transitions. (C) Relative ben-
zoxazinoid content in leaf extracts of the maize inbred lines B73 and Oh43, as well as of near isogenic lines 
possessing either the B73 allele of Bx13 (Bx13NIL-B73) or the Oh43 allele of Bx13 (Bx13NIL-Oh43). 
DIM2BOA-Glc and HDM2BOA-Glc could not be detected (n.d.) in leaves of the inbred Oh43 and the near 
isogenic line Bx13NIL-Oh43 (n = 5). 

In order to discover other naturally-occurring Bx13 knockout variants, we 

performed sensitive re-mapping of Illumina reads from 916 diverse maize lines in 

HapMap 3.1 (Bukowski et al., 2015). This approach, in combination with PCR am-

plification and re-sequencing, revealed that two inbred lines, LH38 and LH39, con-
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tain the same start codon mutation as Bx13-Oh43 (Supplemental Figure 5). Ben-

zoxazinoid analysis confirmed that LH38 and LH39 do not accumulate DIM2BOA-

Glc and HDM2BOA-Glc (Supplemental Figure 5).  

 

Near isogenic maize lines differing in the Bx13 locus vary in DIM2BOA-Glc 

and HDM2BOA-Glc levels 

To test the activity of BX13 in planta, we generated near isogenic lines (NILs) pos-

sessing either the B73 allele or the Oh43 allele of Bx13. Line Z022E0081 from the 

B73 x Oh43 RIL population, which is heterozygous for Bx13 was selfed, 37 F2 

progeny plants were genotyped at Bx13 and other previously heterozygous ge-

nomic loci (Supplemental Table 4, Supplemental Figure 6), and homozygous, near-

isogenic Bx13-B73 and Bx13-Oh43 lines were identified. The variable segment in 

this NIL pair constitutes less than 0.5% of the maize genome (approximately 4.7 

Mbp and 185 genes). Constitutive and herbivore-induced formation of benzoxa-

zinoids was measured in the identified homozygous lines. While the NIL carrying 

Bx13-B73 (Bx13NIL-B73) produced DIM2BOA-Glc and HDM2BOA-Glc in compa-

rable amounts to B73, the NIL carrying Bx13-Oh43 (Bx14NIL-Oh43) contained no 

detectable DIM2BOA-Glc and HDM2BOA-Glc (Figure 4C). In contrast, DIMBOA-

Glc and HDMBOA-Glc showed no significant differences between the parental 

lines and the NILs (Figure 4C).  

 

The QTL Bb3 comprises the O-methyltransferase gene Bx7 which encodes 

an enzyme accepting TRIMBOA-Glc as substrate 

The formation of DIM2BOA-Glc from TRIMBOA-Glc requires a methylation of the 

C7 hydroxyl group, likely catalyzed by an O-methyltransferase. The QTLs Bb1 and 

Bb3, which appeared in the DIM2BOA-Glc mapping (Figure 2A), contain seven se-

quences annotated as OMT, including Bx7 (Figure 5A). Since BX7 methylates the 

C-7 hydroxyl group of TRIBOA-Glc (Jonczyk et al., 2008), we hypothesized that it 

could also catalyze the methylation of the corresponding hydroxyl group of TRIM-

BOA-Glc. To test this hypothesis, Bx7 was heterologously expressed in E. coli and 

the purified recombinant protein was assayed with TRIMBOA-Glc as substrate and 

S-adenosyl-L-methionine (SAM) as co-substrate. While an empty vector control 

showed no product formation, recombinant BX7 produced significant amounts of 

DIM2BOA-Glc (Figure 5B and Supplemental Figure 7).     
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Figure 5. The O-methyltransferases BX7 and BX14 were identified by QTL mapping and accept benzoxa-
zinoids as substrates. (A) Dendrogram analysis (unrooted tree) of mapped OMTs and maize OMTs with high 
sequence similarity to these candidates. The tree was inferred using the maximum likelihood method and n = 
1000 replicates for bootstrapping. Bootstrap values are shown next to each node. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. Genes that have been mapped on chro-
mosome 2 (QTL Bb1) are marked in dark grey, genes located in the QTL Bb3 on chromosome 4 are highlighted 
in light grey. The alignment is available in Supplemental Data Set 2 online. (B-C) Activity assays of purified 
recombinant enzymes as well as the empty vector control incubated with the respective substrate and the co-
substrate S-adenosyl-L-methionine. The relative intensities of the specific LC-MS/MS transitions (see Material 
and Methods) are shown.  
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Dendrogram analysis of the seven putative OMT genes located in the QTLs 

Bb1 and Bb3 showed that two sequences, GRMZM2G127418 and 

GRMZM2G023152, were similar to BX7 (Figure 5A). We therefore expressed 

these genes in E. coli to test whether they also methylate TRIMBOA-Glc. However, 

GRMZM2G127418 and GRMZM2G023152 showed no activity with this substrate 

(Supplemental Figure 7). Four other OMT genes including the previously charac-

terized ZmOmt1, which encodes for tricetin O-methyltransferase (Zhou et al., 

2008), belong to other OMT families and were thus not considered as benzoxa-

zinoid-producing candidates.  

Since Bx7 is part of a small gene family consisting of 15 members with high 

sequence similarity to each other (Figure 5A), we tried to amplify all remaining po-

tential OMT candidates and tested them for TRIMBOA-Glc OMT activity. However, 

only GRMZM2G097297, GRMZM2G100754, AC209819.3 FG005, ZRP4, Bx10, 

Bx11, and Bx12 could be obtained from cDNA and none of them catalyzed the 

conversion of TRIMBOA-Glc into DIM2BOA-Glc (Supplemental Figure 7).  

 

BX14, an O-methyltransferase from the QTL Bb1, converts DIM2BOA-Glc into 

HDM2BOA-Glc 

Two putative OMT genes could be identified in the confidence interval of Bb1, the 

QTL with the highest LOD score for constitutive HDM2BOA-Glc production (Figure 

5A). A dendrogram analysis revealed that one of them, GRMZM2G127418, 

showed high nucleotide identity to Bx10 (87.5%), Bx11 (87.4%), and Bx12 (86.9%), 

which have been shown to encode for enzymes that catalyze the conversion of 

DIMBOA-Glc into HDMBOA-Glc (Meihls et al., 2013). The second OMT candidate 

in the Bb1 QTL interval, GRMZM2G078548, clustered separately from the benzox-

azinoid-specific OMT genes and showed only about 35% nucleotide identity to 

Bx10-12 and 34% nucleotide identity to Bx7 (Figure 5A).  

 To test for benzoxazinoid-specific OMT activity, GRMZM2G127418 was 

amplified from B73 leaf cDNA and heterologously expressed in E. coli. The enzyme 

was purified and incubated with the potential substrate DIM2BOA-Glc and the co-

substrate SAM. Subsequent LC-MS/MS analysis revealed the formation of 

HDM2BOA-Glc, while the empty vector control showed no substrate turnover (Fig-

ure 5C). Therefore, GRMZM2G127418 was designated as BX14. In addition to 

DIM2BOA-Glc, recombinant BX14 also accepted DIMBOA-Glc and produced 
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HDMBOA-Glc, while it showed no activity with TRIMBOA-Glc (Supplemental Fig-

ure 7). Other OMT with high similarity to BX14, including BX7, BX10, BX11, BX12, 

ZRP4, AC209819.3_FG005, GRMZM2G099297, GRMZM2G106172, and 

GRMZM2G093092 (Figure 5A), were not able to convert DIM2BOA-Glc into 

HDM2BOA-Glc (Supplemental Figure 8).  

   

The inbred line Il14H possesses an inactive Bx14 allele and is not able to 

produce HDM2BOA-Glc in the leaves  

Analysis of benzoxazinoids in the NAM parental lines showed that four of the tested 

lines produced no detectable amounts of HDM2BOA-Glc but accumulated its po-

tential precursor DIM2BOA-Glc (Figure 1B). Since such a phenotype might be ex-

plained by an inactive Bx14 allele, we performed a sequence comparison of Bx14-

P39 with genomic Illumina sequences from the HDM2BOA-Glc non-producing in-

bred line Il14H (SRP011907, http://blast.ncbi.nlm.nih.gov). In addition to several 

single nucleotide polymorphisms, the resulting alignment showed an in-frame in-

sertion of 30 base pairs in the Bx14-Il14H allele leading to an extended open read-

ing frame (Supplemental Figure 9). These mutations could be confirmed by se-

quencing of Bx14-Il14H amplified from cDNA. Activity assays with purified recom-

binant BX14-Il14H revealed that the enzyme did not accept DIM2BOA-Glc as sub-

strate (Supplemental Figure 10). PCR analysis of genomic DNA prepared from the 

25 NAM parental inbred lines showed that the 30 bp insertion occurred in multiple 

Bx14 alleles but was not correlated with the presence or absence of HDM2BOA-

Glc (Supplemental Figure 10). This indicates that most likely other point mutations, 

rather than the 30 bp insertion, caused the inactivity of the Il14H allele. Interest-

ingly, we detected small amounts of HDM2BOA-Glc in the roots of Il14H (Figure 

1B). It is therefore likely that an additional OMT contributes to the production of this 

metabolite in Il14H roots.   

  

The inducibility of HDM2BOA-Glc is associated with a stronger induction of 

Bx13 and Bx14 in P39  

Compared to B73, the inbred line P39 produced higher constitutive levels of 

DIM2BOA-Glc and accumulated higher levels of HDM2BOA-Glc after simulated 

herbivory (Figures 1A and 1C). To test whether variation in gene expression can 

explain these differences, we analyzed transcript accumulation of Bx7, Bx13, and 
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Bx14 in undamaged and damaged (mechanical damage + S. exigua oral secretion) 

leaves of P39 and B73 seedlings. Bx7 was constitutively expressed in both lines 

and showed no significant increase in transcript accumulation after simulated her-

bivory. Notably, constitutive Bx7 expression was significantly higher in P39 than in 

B73 (Figure 6A). Bx13 and Bx14 were significantly upregulated upon simulated 

herbivory in both inbred lines and showed significantly higher constitutive transcript 

accumulation in P39 in comparison to B73 (Figure 6B and C). 

 

 
Figure 6. Transcript accumulation of Bx7, Bx13, and Bx14 in maize leaves upon simulated herbivory. Gene 
expression of Bx7, Bx13, and Bx14 in undamaged (ctr) and wounded (mechanical damage + S. exigua oral 
secretion (herb)) leaves of the maize inbred lines B73 and P39 was measured using qRT-PCR relative to 
actin1 (means ± SE; n = 7 biological replicates). Significance levels of a Two-way ANOVA are shown for the 
factors ‘genotype’, ‘treatment’, and the interaction term (genotype x treatment). Different letters indicate signif-
icant differences between genotypes and treatments.  

 

BX13 activity has weak effects on the induction and activation of other ben-

zoxazinoids 

To assess the suitability of the two Bx13 NILs (Figure 4C) for biological experi-

ments, we first verified whether the inactivation of Bx13 affects the constitutive and 

herbivore-induced biosynthesis and deglycosylation of benzoxazinoids in the 

leaves (Supplemental Figure 11). For this purpose, we incubated ground maize 

leaves at room temperature for 0 - 10 minutes and measured benzoxazinoid glu-

cosides and aglucones. As expected, DIM2BOA-Glc and HDM2BOA-Glc were only 

present in the Bx13NIL-B73. Repeated measures analysis of variance showed no 

significant genotype or genotype*time effects for the other benzoxazinoids (Sup-

plemental Table 6). Pairwise comparisons revealed slightly elevated levels of 

HBOA-Glc and DIMBOA-Glc in S. frugiperda attacked Bx13NIL-B73 compared to 
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Bx13NIL-Oh43 plants (Supplemental Figure 11). Furthermore, three to 10 min after 

tissue disruption, elevated levels of DIMBOA and MBOA were observed. These 

data suggest that Bx13 inactivation has weak negative feedback effects on ben-

zoxazinoid abundance and activation in herbivore attacked plants. Alternatively, 

the differential accumulation may be the result of changes in S. frugiperda behavior 

(see below).  

 

The performance of chewing herbivores is not affected by Bx13 

To understand the impact of HDM2BOA-Glc and DIM2BOA-Glc on the interaction 

between maize and chewing herbivores, we conducted several experiments. First, 

we offered pairs of Bx13NIL-Oh43 and Bx13NIL-B73 to fall armyworm larvae and 

recorded their feeding patterns. Surprisingly, the larvae caused more damage on 

Bx13NIL-B73 (Figure 7A) and were more often found on this genotype (Figure 7B). 

Larval weight gain did not differ between the two NILs in a no-choice experiment 

(Figure 7C). As the fall armyworm is well adapted to maize defenses and is known 

to use benzoxazinoids as foraging cues (Glauser et al., 2011; Köhler et al., 2015), 

we performed additional experiments with two generalist leaf feeders, the beet 

armyworm (S. exigua) and the Egyptian cotton leafworm. As HDM2BOA-Glc and 

DIM2BOA-Glc levels are higher in B73 roots than the leaves (Figure 1), we also 

tested the effect of Bx13 inactivation on the banded cucumber beetle Diabrotica 

balteata. All tested herbivores gained the same amount of weight on Bx13NIL-B73 

and Bx13NIL-Oh43 (Figure 7D), suggesting that HDM2BOA-Glc and DIM2BOA-Glc 

do not increase plant resistance against these chewing insects. 
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Figure 7. BX13 increases the attractiveness of maize plants to Spodoptera frugiperda, but does not affect the 
performance of S. frugiperda and other insects. Damage (A) and distribution (B) of S. frugiperda caterpillars 
on the Bx13 mutant (Bx13NIL-Oh43) and its near-isogenic wild type line (Bx13NIL-B73) in choice experiments. 
Caterpillars were released into pots containing one plant of each genotype and left to feed for 12 days (n = 
30). (C) S. frugiperda weight gain in a no-choice experiment (n = 18). Caterpillars were left to feed on individual 
plants for 9 days. Stars indicate significant differences between genotypes at individual time points. Significant 
p-values for overall genotype effects from analyses of variance (ANOVA) are shown. (D) Relative weight gain 
of three generalist herbivores feeding between 6 and 10 days on the leaves or roots of the two genotypes. For 
comparative purposes, weight gains are expressed in % relative to weight gain on Bx13NIL-B73 (S. littoralis, 
n = 7 - 9; S. exigua, n = 38 - 52; D. balteata, n = 8).  

 

Bx13 decreases aphid reproduction  

To test whether HDM2BOA-Glc and DIM2BOA-Glc affect the performance of 

phloem feeders, we conducted a performance experiment with corn leaf aphids 

(Rhopalosiphum maidis). Seven days after the start of the experiment, the survival 

of adult aphids was not significantly different on Bx13NIL-B73 and Bx13NIL-Oh43 

maize seedlings (P = 0.3 and P = 0.65, Student’s t-test of two independent exper-

iments). However, aphids feeding on Bx13NIL-Oh43 produced 50% more progeny 
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than aphids feeding on Bx13NIL-B73 (Figure 8, Supplemental Figure 12), suggest-

ing that HDM2BOA-Glc and/or DIM2BOA-Glc accumulation increases aphid re-

sistance.  

 

Figure 8. BX13 decreases aphid performance. The number of nymphs per adult on the Bx13 mutant (Bx13NIL-
Oh43) and its near-isogenic wild type line (Bx13NIL-B73) is shown (n = 20). The asterisk indicates significant 
differences between genotypes (P < 0.05, Student’s t-test).  

 

DISCUSSION 

Maize produces a number of benzoxazinoids that defend the plant against insect 

herbivores and pathogens (Oikawa et al., 2004; Glauser et al., 2011; Ahmad et al., 

2011; Meihls et al., 2013; Maag et al., 2014). The biosynthetic pathway leading to 

DIMBOA-Glc, the most abundant benzoxazinoid in maize, has been fully deter-

mined (Frey et al., 1997; von Rad et al., 2001; Jonczyk et al., 2008). However, how 

DIMBOA-Glc is converted into other benzoxazinoids is not well understood. Here, 

we investigated the biosynthesis and biological relevance of the 8-O-methylated 

benzoxazinoids, DIM2BOA-Glc and HDM2BOA-Glc.  

 

The dioxygenase BX13 is the key enzyme for the formation of DIM2BOA-Glc 

and HDM2BOA-Glc 

BX13 belongs to the 2-oxoglutarate-dependent dioxygenase superfamily and has 

been classified as a member of the recently defined DOXC class of 2ODDs, en-

compassing enzymes known to be involved in specialized metabolism (Kawai et 

al., 2014). Several lines of evidence indicated that BX13 acts as the key enzyme 

for the formation of DIM2BOA-Glc and HDM2BOA-Glc in planta: First, both consti-

tutive DIM2BOA-Glc levels and constitutive and herbivory-induced HDM2BOA-Glc 
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levels mapped to the same major QTL (Bb2) on chromosome 2 that includes the 

Bx13 gene, in experiments with several different RIL populations (Figure 2, Sup-

plemental Table 3). Second, a natural knockout of Bx13, attributed to a mutated 

start codon in the inbred lines Oh43, LH38, and LH39, was correlated with a com-

plete lack of DIM2BOA-Glc and HDM2BOA-Glc (Figure 1, Supplemental Figures 4 

and 5) and analysis of near-isogenic lines differing mostly in the Bx13 locus showed 

that a line carrying the mutated and inactive Oh43 allele produced no DIM2BOA-

Glc and HDM2BOA-Glc (Figure 4C). Third, recombinant BX13 was able to convert 

DIMBOA-Glc to TRIMBOA-Glc (Figure 3B) while BX6 could not accept DIMBOA-

Glc as substrate (Supplemental Figure 2A). Furthermore, we found no other 

Bx6/13 homologues in the B73 genome that might catalyze this reaction (Figure 

3A). Other routes to HDM2BOA-Glc could be ruled out since neither BX13 nor BX6 

accepted HDMBOA-Glc as substrate (Supplemental Figure 2B). Moreover, none 

of the tested OMT were able to methylate the hydroxyl group of the hydroxamic 

acid moiety of TRIMBOA-Glc (Supplemental Figure 7). Taken together, our find-

ings demonstrate that the formation of DIM2BOA-Glc and HDM2BOA-Glc from DIM-

BOA-Glc most likely follows a linear pathway beginning with the conversion of DIM-

BOA-Glc into TRIMBOA-Glc catalyzed by BX13 (Figure 9). 

 

BX13 catalyzes an unusual reaction that likely involves an ortho-rearrange-

ment of the methoxy group 

Contrary to our initial expectation that the BX13-catalyzed hydroxylation of DIM-

BOA-Glc would result in a compound possessing the hydroxyl group at C-8 next to 

the pre-existing methoxy group at C-7, NMR analysis of the enzyme product TRIM-

BOA-Glc revealed the opposite configuration with a hydroxyl group at C-7 and a 

methoxy group at C-8 (Figure 3C). This finding can be explained by a C-7 hydrox-

ylation and a subsequent 1,2-shift of the methoxy group catalyzed by the enzyme. 

Indeed, 4-hydroxyphenylpyruvate dioxygenase (HPPD), a member of the 2ODD 

superfamily that does not use 2-oxoglutarate as a cofactor, is known to catalyze 

an oxidation of an aromatic ring and a subsequent ortho-rearrangement of an ac-

etate side chain (Raspail et al., 2011). HPPD accepts 4-hydroxyphenylpyruvate as 

substrate and converts it into homogentisate, an essential intermediate in plas-

toquinone and tocopherol biosynthesis in plants (He



 

 
Figure 9. The later steps of benzoxazinoid formation in maize. The formation of DIMBOA-Glc (the major ben-
zoxazinoid in maize) and HDMBOA-Glc originating from indole-3-glycerol phosphate have been reported ear-
lier. The 8-O-methylated DIM2BOA-Glc and HDM2BOA-Glc are formed from DIMBOA-Glc by BX13, BX7, and 
BX14.  

 

and Moran, 2009; Goodwin and Mercer, 1983). We propose that the formation of 

TRIMBOA-Glc by BX13 might follow a reaction mechanism similar to that de-

scribed for HPPD (Figure 10). The active site of BX13 contains two highly con-

served histidines and one aspartate residue (Supplemental Figure 4), that can form 

a complex with iron and 2-oxoglutarate (Schofield and Zhang, 1999). After binding 
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of molecular oxygen and DIMBOA-Glc, the activated dioxygen can attack the side 

chain of the 2-oxoglutarate leading to its decarboxylation. Then, C-7 hydroxylation 

of DIMBOA-Glc occurs via an electrophilic attack by an Fe-oxene. A subsequent 

1,2-shift of the methoxy group favored by the positive charge at C-8 results in the 

formation of TRIMBOA-Glc (Figure 10). Although the proposed mechanism ex-

plains the production of TRIMBOA-Glc, we cannot rule out the possibility that hy-

droxylation of DIMBOA-Glc might alternatively occur at C-8 followed by a transfer 

of the methyl group from the methoxy group to the newly incorporated 8’-OH group. 

There are a few examples of plant 2ODDs possessing O-demethylation activity 

(Hagel and Facchini, 2010; Berim et al., 2014). However, a 2ODD-catalyzed trans-

fer of a methyl group between two substrate OH groups has to our knowledge not 

been reported so far. To further study the reaction mechanism of BX13 and to dis-

criminate between a methoxy group rearrangement and an alternative methyl 

group transfer, enzyme assays with either labeled DIMBOA-Glc or 18O2, respec-

tively, are planned for future experiments.  

 

 
Figure 10. Proposed reaction mechanism for the formation of TRIMBOA-Glc from DIMBOA-Glc catalyzed by 
BX13. An initial oxidation of the C-7 methoxy group of DIMBOA-Glc might be followed by the elimination and 
simultaneous, aromatic ring substitution of the leaving moiety at position 8, resulting in TRIMBOA-Glc. 
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BX7 likely catalyzes two distinct steps in the benzoxazinoid metabolism 

BX7 has been described to catalyze the methylation of the 7-OH group of TRIBOA-

Glc (Jonczyk et al., 2008). As discussed above, the resulting DIMBOA-Glc can act 

as a substrate for BX13. Due to the unusual reaction of this 2ODD, the enzyme 

product TRIMBOA-Glc possesses a free hydroxyl group at C-7 similar to TRIBOA-

Glc (Figure 3C). We showed that recombinant BX7 also accepted TRIMBOA-Glc 

as substrate and methylated the hydroxyl group at C-7 (Figure 5B). Since all other 

tested potential OMT candidates were not able to catalyze this reaction (Figure 5A, 

Supplemental Figure 7), we assume that BX7 catalyzes the O-methylations of both 

TRIBOA-Glc and TRIMBOA-Glc in planta. It is notable that both BX7 substrates, 

TRIBOA-Glc and TRIMBOA-Glc, were not found to accumulate in the plant, indi-

cating a rapid turnover by the enzyme. A dendrogram analysis revealed that BX7 

has a similar sequence to other plant OMT acting on polyhydroxylated small mol-

ecules such as phenylpropanoids and their derivatives (Figure 5A; Meihls et al., 

2013; Zubieta et al., 2001). In general, the majority of enzymes belonging to this 

OMT group possess high substrate and positional specificity (Ibrahim et al., 1997; 

Zubieta et al., 2001). However, a few enzymes such as caffeic acid O-methyltrans-

ferase demonstrate greater substrate promiscuity (Zubieta et al., 2001). Although 

BX7 seems to have high positional specificity towards the hydroxyl group at C-7, 

catalytic activity is not influenced by the presence or absence of the neighboring 

methoxy group, indicating moderate spatial flexibility of the active site.  

  

BX14 can accept DIMBOA-Glc and DIM2BOA-Glc as substrates 

The O-methyltransferase BX14 showed high similarity to the recently described 

DIMBOA-Glc O-methyltransferases BX10, BX11, and BX12 (Meihls et al., 2013) 

and catalyzed the same reaction as already described for BX10-12 (Supplemental 

Figure 8A). However, while BX10-12 possess high substrate specificity towards 

DIMBOA-Glc (Supplemental Figure 8A), BX14 also accepted DIM2BOA-Glc as 

substrate and produced HDM2BOA-Glc (Figure 5C). A dendrogram analysis sug-

gests that Bx10, Bx11, and Bx12 are likely derived by gene duplication of a Bx14-

related ancestor (Figure 5A) and thus might have evolved their narrow substrate 

specificity after this gene duplication event.   

 

Natural variation in Bx7, Bx13, and Bx14 expression  
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It has been shown that genes of the core benzoxazinoid pathway including Bx1, 

Bx2, Bx3, Bx4, Bx5, Bx6, and Bx8 are located in close proximity to each other on 

the short arm of maize chromosome 4 (Frey et al., 2009). In general, such an or-

ganization of functionally related genes in operon-like gene clusters in plants is 

considered to facilitate the co-regulation of gene expression (Jonczyk et al., 2008; 

Osbourn, 2010), which, however, would imply less regulatory flexibility at the single 

gene level. While DIMBOA-Glc is mainly produced in young seedlings 4–6 days 

after germination and declines thereafter, the production of HDMBOA-Glc and 

HDM2BOA-Glc also occurs in older tissues (Cambier et al., 2000; Köhler et al., 

2015). Moreover, HDMBOA-Glc and HDM2BOA-Glc accumulate upon insect her-

bivory and fungus infection (Oikawa et al., 2004; Glauser et al., 2011; Köhler et al., 

2015), indicating that genes involved in DIMBOA-Glc metabolism are differently 

regulated compared to genes of the core pathway. Indeed, Bx10, Bx11, Bx12, 

Bx13, and Bx14 are located on different chromosomes and are not part of the core 

pathway gene cluster. The ability to regulate these genes independently of the core 

pathway might allow the plant to convert DIMBOA-Glc into distinct mixtures of me-

tabolites in response to different biotic stresses and thus would help to adapt to 

different ecological niches.  

 

DIM2BOA-Glc and HDM2BOA-Glc specifically increase plant resistance 

against aphids 

Benzoxazinoid breakdown products are highly active and inhibit the growth of a 

variety of herbivores and pathogens (Niemeyer, 2009; Glauser et al., 2011; Ahmad 

et al., 2011; Meihls et al., 2013). Because of their capacity to be deglycosylated 

and form reactive hemiacetals like other benzoxazinoids, we hypothesized that the 

8-O-methylated compounds, DIM2BOA-Glc and HDM2BOA-Glc, would also de-

crease the performance of chewing herbivores, but expected that the changes in 

polarity due to the additional methoxylation may result in changes in digestive sta-

bility (Glauser et al., 2011) and herbivore growth suppression. However, our ex-

periments with NILs differing in their BX13 activity did not confirm these hypothe-

ses: None of the four tested chewing herbivores showed a significant change in 

weight gain with variation in the content of the 8-O-methylated benzoxazinoids. Our 

benzoxazinoid profiling experiments revealed no negative feedback effects of 

BX13 on other benzoxazinoids, which allows us to rule out metabolic trade-offs as 
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an explanation for the absence of herbivore growth effects in the BX13 NILs. Many 

chewing herbivores seem to be able to circumvent benzoxazinoid toxicity by regly-

cosylating the aglucones (Sasai et al., 2009; Glauser et al., 2011; Maag et al., 

2014; Wouters et al., 2014). Because of this mechanism, even the generalist Egyp-

tian cotton leafworm is able to tolerate DIMBOA concentrations of 200 µg g-1 FW 

(Glauser et al., 2011). It is therefore possible that the relatively low concentrations 

of DIM2BOA-Glc and HDM2BOA-Glc in Bx13NIL-B73 were within the range of ben-

zoxazinoid tolerance of the different caterpillars tested.  

Previous studies illustrated that benzoxazinoids can act as feeding stimu-

lants and foraging cues for specialist maize feeders (Rostás, 2007; Robert et al., 

2012; Köhler et al., 2015). The preference of the fall armyworm for young maize 

leaves for instance depends on the presence of benzoxazinoids (Köhler et al., 

2015). Our choice experiments demonstrate that the fall armyworm prefers to feed 

on DIM2BOA-Glc and HDM2BOA-Glc-producing plants, which suggests that these 

compounds stimulate the feeding of this maize pest. Feeding stimulation by plant 

secondary metabolites is a general phenomenon among specialized insects and 

may help herbivores to recognize host plants and to use plant secondary metabo-

lites for self-defense (Erb et al., 2013; Nishida, 2014). Whether the fall armyworm 

derives any benefits from feeding on DIM2BOA-Glc and HDM2BOA-Glc-containing 

plants remains to be elucidated.  

In contrast to chewing herbivores, we observed that the presence of 

DIM2BOA-Glc and HDM2BOA-Glc was associated with a significant reduction of 

aphid reproduction (Figure 8). This observation suggests that BX13 products act 

as specific resistance factors in maize against aphids and possibly other phloem-

feeding insects. However, although the Bx13-B73 and Bx13-Oh43 NILs vary at less 

than 0.5% of the maize genome, we cannot completely rule out the possibility that 

genes other than Bx13 affect aphid reproduction on these inbred lines. Aphids 

seem to be more susceptible to benzoxazinoids than caterpillars, as their growth 

is more strongly affected by mutations in the core benzoxazinoid pathway (Ahmad 

et al., 2011; Köhler et al, 2015; Betsiashvili et al., 2015). It is therefore possible that 

small changes in benzoxazinoid patterns have more profound impacts on their 

physiology. Alternatively, DIM2BOA-Glc and HDM2BOA-Glc may have specific 

negative impacts on aphids. More detailed experiments would be necessary to test 
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this hypothesis. In earlier studies, we demonstrated that DIMBOA-Glc concentra-

tions are positively associated with callose deposition and aphid resistance and 

that DIMBOA induces callose deposition (Ahmad et al., 2011; Meihls et al., 2013). 

In contrast, our DIM2BOA-Glc and HDM2BOA-Glc measurements across the NAM 

population show no clear correlation with aphid-induced callose deposition, as 

measured earlier (Meihls et al., 2013). We therefore propose that direct toxicity 

rather than indirect effects on callose deposition are responsible for the Bx13-de-

pendent increase in aphid resistance.  

 

Conclusions 

Plant defense compounds are known for their astonishing variation in structure, 

biosynthesis and function. Here we show that even for a small family of defense 

compounds, the benzoxazinoids with about 20 members (Niemeyer, 2009), there 

is unexpected variability. For two maize benzoxazinoids with an additional methoxy 

function at C-8, biosynthesis involves the expected enzymes (2-oxoglutarate-de-

pendent dioxygenases, O-methyltransferases), but proceeds via an unprece-

dented route. While other benzoxazinoids have been shown to act as direct de-

fenses to chewing herbivores and as defense signaling compounds, the 8-O-meth-

ylated benzoxazinoids of maize appear to target phloem-feeding herbivores. 

  

METHODS 

Plant and insect material 

Maize (Zea mays) plants were grown in commercially available potting soil (Ton-

substrat; Klasmann), in a climate-controlled chamber with a 16 h photoperiod, 1 

mmol (m2)-1 s-1 of photosynthetically-active radiation, a temperature cycle of 22 

ºC/18 ºC (day/night) and 65% relative humidity. Plants with three fully developed 

leaves were used in all experiments.  

Caterpillars of Egyptian cotton leafworm (Spodoptera littoralis, Boisd.) and 

beet armyworm (S. exigua, Hübner), both obtained from Syngenta, were reared on 

an artificial diet based on white beans (Bergomaz et al., 1986) at 20°C and 22 °C, 

respectively, under natural light. Caterpillars of fall armyworm (S. frugiperda J.E. 

Smith) were kindly provided by Ted Turlings (FARCE laboratory, University of Neu-

châtel, Switzerland) and reared on artificial diet. Diabrotica balteata larvae were 
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reared as described (Robert et al., 2012). Eggs of beet armyworm (S. exigua) for 

insect growth experiments were obtained from Benzon Research (Carlisle, PA, 

USA, www.benzonresearch.com) and were hatched at 23°C. A corn leaf aphid 

(Rhopalosiphum maidis) colony, initially collected in New York State by Stewart 

Gray (USDA-ARS, Ithaca, NY), was maintained on B73 seedlings in a growth 

chamber with a 16:8 h light:dark photoperiod at constant 23°C.  

For artificial herbivory treatments, plants were scratched on the youngest 

leaf over 2 cm2 with a razor blade and 5 µL of S. exigua spit were applied (n = 5). 

Damage was inflicted on one side of the midrib only to be able to distinguish local 

and systemic induction. Control plants remained undamaged (n = 5). Control 

leaves as well as the damaged and undamaged halves of the treated leaves were 

collected separately after 0, 24, 48 and 72 h.  

 

Deglucosylation activity 

Bx13NIL-Oh43 and Bx13NIL-B73 plants were infested with six first-instar S. frugi-

perda larvae or left uninfested as controls (n = 4).Three days later, leaf tissue was 

collected, ground to a fine powder in liquid nitrogen, aliquoted into 50 mg batches 

and incubated at 37°C for 1, 2, 3 or 10 min. Non-incubated samples were used as 

controls. After incubation, all reactions were stopped by adding 500 µl of 

H2O:MeOH:FA (50:50:0.5 v/v, Methanol, LC-MS-grade, Merck; Milli-Q water, Milli-

pore; formic acid, analytical-grade, Thermo Fischer Scientific, Spain), and BXDs 

were quantified as described below. 

 

Generation of Bx13 near isogenic lines 

Using a previously described approach (Mijares et al., 2013; Tuinstra et al, 1997), 

near-isogenic lines (NILs) were made from RILs of B73 and Oh43, which contain 

a natural Bx13 knockout mutation (Figure 4A). B73 x Oh43 RIL genotype data 

(www.panzea.org) were used to identify Z022E0081, a line that was still heterozy-

gous in the region of the Bx13 gene polymorphism after sixth generation of inbreed-

ing (www.panzea.org; Supplemental Figure 6A). Line Z022E0081 was self-polli-

nated to produce progeny that were segregating at Bx13 and other remaining het-

erozygous loci. DNA from each of the predicted regions of heterozygosity was am-

plified by PCR using GoTaq Polymerase (www.promega.com), the primers listed 

in Supplemental Table 7, and the PCR cycle 94°C for 3 min, 34 cycles of 94°C for 
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30 sec, 57°C for 30 sec, and 72°C for 1 min, followed by 72°C extension for 10 

min. Four predicted regions of heterozygosity were found to be already homozy-

gous in our isolate of Z022E0081, which had been inbred for two generations after 

the original genotyping data (www.panzea.org) were generated. Among 37 tested 

progeny lines, we identified a pair of NILs that was (i) homozygous for either the 

B73 or the Oh43 allele of Bx13 and (ii) homozygous with the same genotype at 

other loci that had been heterozygous in Z022E0081 (Supplemental Figure 6B). 

The variable region containing the Bx13 in the genotyped NIL pair is 10 cM genetic 

distance, corresponding to 4.7 Mbp of DNA sequence and 185 predicted genes 

(www.maizgdb.org, RefGen v2). The two NILs were self-pollinated and progeny 

were used for subsequent experiments. 

 

Extraction and analysis of benzoxazinoids  

Plant material was ground to a fine powder under liquid nitrogen. For extraction, 

frozen powder was transferred to pre-cooled 2 mL microcentrifuge tubes, weighed, 

and three volumes of extraction solvent MeOH:H2O:FA (50:50:0.5 v/v; Methanol, 

LC-MS-grade, Merck; Milli-Q water, Millipore; formic acid, analytical-grade, Thermo 

Fischer Scientific) were added. The tubes were immediately mixed until the powder 

was completely dispersed, and two chrome steel beads (4 mm diameter) were 

added to each tube. Plant tissues were subsequently extracted using a paint 

shaker, model S0-10 M (Fluid Management, Wheeling, IL, USA), at 10 Hz for 4 min 

and cell debris was sedimented at 13,000g for 30 min. The supernatant was stored 

at -20°C before analysis. 

Plant extracts from the NAM screening, induction experiment (P39 and 

B73), and NIL screening were analyzed using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Chromatography was performed on an Agilent 1200 

HPLC system (Agilent Technologies). Separation was achieved on a Zorbax 

Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 µm, Agilent Technologies) with aque-

ous formic acid (0.05%) and methanol employed as mobile phases A and B, re-

spectively. The following elution profile was used: 0 – 0.5 min, 90% A; 0.5 – 1 min, 

90 – 79% A;  1 – 10 min, 79 – 76% A; 10 – 11 min, 76 – 50% A; 11 – 13 min 50 – 

0% A; 13 – 16 min 90% A. The mobile phase flow rate was 0.8 mL min-1 and the 

column temperature was maintained at 25°C. The injection volume was 5 µL. The 

liquid chromatography was coupled to an API 3200 tandem mass spectrometer 



B i o s y n t h e s i s  o f  i n d u c e d  d e f e n s e  c o m p o u n d s  

 95 

(Applied Biosystems) equipped with a Turbospray ion source operated in negative 

ionization mode (for detailed parameters see Supplemental Table 9). Multiple re-

action monitoring (MRM) was used to monitor the parent ion > product ion transition 

for each analyte. Analyst 1.5 software (Applied Biosystems) was used for data ac-

quisition and processing. Absolute concentrations of benzoxazinoids were deter-

mined using external calibration curves obtained from purified DIMBOA-Glc. For 

calibration, 31.3, 62.5, 125, 250, and 500 ng/mL solutions were analyzed prior to 

and after measurements. DIM2BOA-Glc and HDM2BOA were quantified using re-

sponse factors of 0.9 and 8.9, respectively, compared to DIMBOA-Glc. Response 

factors were defined by determining the ratio of MRM intensities and intensities of 

the optical signal at 275 nm for these compounds. 

Bx13NIL-B73 and Bx13NIL-Oh43 BXD profiles upon tissue disruption (de-

glucosylation activity) were analyzed as follows: Plant extracts were analyzed by 

liquid chromatography-tandem UV and mass spectrometry (LC-UV-MS) using an 

ACQUITY UPLC I-Class System equipped with an ACCQUITY UPLC photo diode 

array (PDa eƛ) detector and an ACCQUITY UPLC mass detector (QDa). The chro-

matographic separation was achieved using a Waters ACQUITY UPLC BEH C18 

(2.1 mm × 100 mm, 1.7 μm) at 40 °C using aqueous formic acid (0.05%) and ace-

tonitrile (Fisher Chemicals) with 0.05% formic acid as mobile phases A and B, re-

spectively. The injection volume was 2.5 µL and the flow rate was kept constant at 

0.4 ml min−1. The gradient system was as follows: 0-9.65 min: 97-83.6 % A; 9.65-

11 min: 83.6-0 % A; 11-13 min: 0-0 % A; 13-13.10 min: 0-97% A; 13.10-15 min: 

97-97 % A. UV spectra were monitored from 190 to 790 nm. The mass spectrom-

eter was operated in negative mode to scan masses from 150 to 650 Da (ESI: 0.8 

V, Cone voltage: 70 V) and for single ion recording in positive mode (SIR 194, ESI: 

0.8 V) with a 5 Hz sampling frequency. Data were processed using MassLynx (Wa-

ters). Absolute concentrations of benzoxazinoids were calculated using external 

calibration curves of purified DIMBOA-Glc, HDMBOA-Glc and MBOA (Sigma Al-

drich) at concentrations ranging from 3.125 to 50 µg mL-1. HDM2BOA-Glc, 

DIM2BOA-Glc, HBOA-Glc, DIBOA-Glc and DIMBOA were quantified using re-

sponse factors of 4.02, 0.85, 4.71, 1.02 and 0.36, respectively calculated as de-

scribed above. Plant extracts from the recombinant inbred lines were analyzed as 

described elsewhere (Glauser et al., 2011). 
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Measurement of benzoxazinoids in roots of the intercrossed B73 x Mo17 

population was done as follows: Maize seedling roots frozen in liquid nitrogen were 

manually ground in a mortar and pestle and transferred to 2 mL microcentrifuge 

tubes and weighed. Three microliters of extraction solvent (30:69.9:0.1 methanol, 

LC-MS-grade water (Sigma-Aldrich), formic acid) were added per mg of maize tis-

sue. The extraction solvent was spiked with 0.075 mM 2-benzoxazolinone (BOA) 

as an internal standard. Ground tissue and extraction solvent were mixed by vor-

texing and incubated on a Labquake™ Rotisserie Shaker (Thermo Scientific) at 

4°C for 40 min. Solid debris was separated from solvent by centrifuging at 11,000g 

for 10 minutes. For each sample, 200 µl extract were filtered through a 0.45 micron 

filter plate by centrifuging at 200g for 3 min. LC-MS/MS analysis was performed on 

an Ultimate 3000 UPLC system attached to a 3000 Ultimate diode array detector 

and a Thermo Q Exactive mass spectrometer (Thermo Scientific). The samples 

were separated on a Titan C18 7.5 cm x 2.1 mm x 1,9 μm Supelco Analytical Col-

umn (Sigma Aldrich) at the flow rate of 0.5 ml min-1, using gradient flow of 0.1% 

formic acid in LC-MS-grade water (eluent A) and 0.1% formic acid in acetonitrile 

(eluent B) with conditions as follows: 0% B at 0 min, linear gradient to 100% B at 7 

min, and linear gradient to 0% B at 11 min. Mass spectral parameters were set as 

follows: negative spray voltage 3500 V, capillary temperature 300°C, sheath gas 

35 (arbitrary units), aux gas 10 (arbitrary units), probe heater temperature 200°C 

with an HESI probe. Full scan mass spectra were collected (R:35000 full width at 

half maximum, m/z 200; mass range: m/z 50 to 750) in negative mode. The quan-

tification was done using a SIM chromatogram measured for m/z 240 using Excal-

ibur 3.0 software. Relative DIM2BOA content of each sample was estimated from 

the ratio of the DIM2BOA peak area (mass range of m/z 240.0 – 240.2 and retention 

time 2.25 min) relative to BOA (mass range of m/z 134.0-134.2 and retention time 

3.26 min), which was used as an internal standard. An annotation of benzoxazinoid 

derivatives by tR and their fragmentation patterns is given in Supplemental Table 

8. 

 

Mapping analysis 

Plants from individual sets of recombinant inbred lines (B73 x P39) were potted in 

200 cm3 volume plastic pots. The soil consisted of field soil (5/10, Ricoter Landerde 

Switzerland), peat (4/10, Ricoter) and sand (1/10, Migros Do It). Plants with three 
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fully developed leaves were induced as described above (n = 5). After 48 h, the 

induced half of the leaf (one side of the vein, “local”) and the undamaged half (“sys-

temic part”) were collected. As induction changes benzoxazinoid levels in the local 

part but not in the systemic part of the leaves (Supplemental Figure 0), the systemic 

parts were used to map constitutive benzoxazinoids, while the local parts were 

used to map induced levels. Seeds of 80 maize RILs from the intercrossed B73 x 

Mo17 population (Lee et al., 2002) were germinated in moisturized rolls of germi-

nation paper (twelve seeds per RIL per roll). Germinated seedlings were trans-

planted to 10 cm x 10 cm plastic pots with Turface ® MVP ® calcined clay (Profile 

Products LLC) when their primary roots reach approximately 9 cm long. Trans-

planted seedlings were maintained in 16:8 light: dark growth conditions at 26°C 

and 70% relative humidity for six days. Seedling roots were harvested and frozen 

in liquid nitrogen.  

The QTL analysis was done by composite interval mapping using the Win-

dows QTL Cartographer software version 2.5 (Wang et al., 2012). The experi-

mental LOD threshold was determined by permutation tests with 500 repetitions at 

the significance level of 0.05. All analyses were performed using the default set-

tings in the WinQTL program as follows: the CIM program module = Model 6: 

Standard Model, walking speed = 2 centimorgans, control marker numbers = 5, 

window size = 10 centimorgans, regression method = backward regression 

method. Maize genetic marker data were downloaded from www.panzea.org and 

were used for linkage mapping using multiple sets of recombinant lines from the 

NAM population. A list of all RILs used for mapping in this study is given in Sup-

plemental Table 10. 

 

Preparation of RNA and cDNA 

Frozen plant material was ground to a fine powder in a liquid nitrogen pre-cooled 

mortar and RNA was extracted using the RNeasy plant mini kit (Qiagen) according 

to the manufacturer's instructions. Nucleic acid concentration, purity, and quality 

were assessed using a spectrophotometer (NanoDrop 2000c; Thermo Scientific) 

and Agilent 2100 Bioanalyzer (Agilent Technologies). Prior to cDNA synthesis, 

0.75 µg RNA was DNase treated using 1 U DNase (Fermentas). Single-stranded 

cDNA was prepared from the DNase-treated RNA using SuperScript III reverse 

transcriptase and oligo(dT20) primers (Invitrogen). 
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Gene synthesis 

The complete open reading frames of Bx6-CI31A (AF540907) and Bx7-CI31A 

(NM_001127247) were synthesized after codon optimization for heterologous ex-

pression in Escherichia coli by Eurofins MWG Operon (for optimized sequences 

see Supplemental Figure 13). Synthetic genes were sub-cloned into the vector 

pUC57 and fully sequenced.  

 

Cloning and heterologous expression 

The complete open reading frames of Bx10-B73, Bx11-B73, Bx12-CML322, Bx13-

P39, Bx14-B73, Zrp4-P39, AC209819.3_FG005, GRMZM2G100754, 

GRMZM2G097297, GRMZM2G023152, GRMZM2G102863, GRMZM2G141026, 

GRMZM2G106172, and GRMZM2G093092 were amplified from cDNA with the 

primer pairs listed in Supplemental Table 4 online. Bx6-CI31A and Bx7-CI31A were 

amplified from the plasmids containing the respective codon-optimized open read-

ing frames as described above. The obtained PCR products were cloned as blunt 

fragments into the sequencing vector pCR-Blunt II-TOPO (Invitrogen) and both 

strands were fully sequenced. For heterologous expression with an N-terminal His-

Tag, the genes were inserted into the expression vector pET100/D-TOPO (Invitro-

gen). The O-methyltransferase (OMT) genes Bx10-B73, Bx11-B73, Bx12-

CML322, Bx14-B73, Zrp4-P39, AC209819.3_FG005, GRMZM2G100754, 

GRMZM2G097297, GRMZM2G023152, GRMZM2G102863, GRMZM2G141026, 

GRMZM2G106172, and GRMZM2G093092 were expressed in the E. coli strain 

BL21(DE3) (Invitrogen). For expression, liquid cultures of bacteria harboring the 

expression construct were grown at 37°C to an OD600 of 0.6 to 0.8. IPTG was 

added to a final concentration of 1 mM, and the cultures were incubated for 20 h 

at 18°C and 200 rpm. The two 2-oxoglutarate-dependent dioxygenase (2ODD) 

genes Bx6-CI31A and Bx13-P39 were introduced in the E. coli strain C41(DE3) 

pLysS (Lucigen), and heterologous expression was performed as described by 

Jaganaman and co-workers (2006). The cells were sedimented for 5 min at 5000g 

and 4 °C. For breaking-up the cells, the pellet was resuspended in ice-cold 4 mL 

50 mM Tris-HCl (pH 8.0) containing 0.5 M NaCl, 20 mM imidazole, 50 mM 2-mer-

captoethanol, and 10% glycerol and subsequently subjected to ultrasonication (4 

x 20 sec, Bandelin UW2070). The debris was separated by centrifugation for 20 
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min at 16,100g and 4 °C. N-terminal His-tagged proteins were purified using Ni-

NTA spin columns (Qiagen) according to the manufacturer’s instructions. The pu-

rified proteins were eluted with 50 mM Tris-HCl (pH 8.0) containing 0.5 M NaCl, 

250 mM imidazole and 10% glycerol. Eluates of the dioxygenases BX6 and BX13 

were directly used for enzyme assays. For purified OMT, the salt was removed by 

gel filtration using illustraTM NAPTM-10 columns (GE Healthcare) and the proteins 

were redissolved in 50 mM Tris-HCL (pH 7.0) containing 50% glycerol.    

  

In vitro characterization of recombinant enzymes 

2ODD and OMT activities were tested using enzyme assays containing purified 

recombinant protein, benzoxazinoid substrates and the respective co-substrates. 

2ODD assays with recombinant BX6 or BX13 were performed with 5 mM 2-mer-

captoethanol, 5 mM 2-oxoglutarate, 0.5 mM ascorbate, 0.25 mM ferric chloride, 0.2 

mg mL-1 substrate (DIMBOA-Glc or HDMBOA-Glc) and 0.5 µg desalted enzyme 

dissolved in 100 mM Tris-HCl, pH 7.0, in a total volume of 100 µL. OMT assays 

were performed with 0.2 mM dithiothreitol, 0.2 mM EDTA, 0.5 mM S-adenosyl-L-

methionine, 0.2 mg mL-1 substrate, and 0.5 µg desalted enzyme solved in 100 mM 

Tris-HCl, pH 7.5, in a volume of 100 µL. For BX7 activity assays, TRIMBOA-Glc, 

which was purified as described below from 300 pooled BX13 enzyme assays, was 

used as substrate. BX14 activity was tested with DIMBOA-Glc, DIM2BOA-Glc, and 

TRIMBOA-Glc. All assays were incubated in glass vials overnight at 25°C at 350 

rpm using a ThermoMixer comfort 5355 (Eppendorf). The reaction was stopped 

with 5 µL formic acid, 99% pure (Sigma Aldrich), and centrifuged for 15 min at 

13,000g. Product formation was monitored by the analytical methods described 

above. Metabolite identities were confirmed using authentic standard compounds. 

 

Semi-preparative purification of DIMBOA-Glc and TRIMBOA-Glc 

Supernatants of terminated BX13 assays were pooled (total volume of 30 mL) and 

chromatographically separated using an Agilent 1100 HPLC system (Agilent Tech-

nologies). The separation was achieved on a Nucleodur Sphinx RP column (250 x 

4.6 mm, 5 µm, Macherey Nagel) with aqueous formic acid (0.1%) and acetonitrile 

(LC-MS grade, VWR chemicals) employed as mobile phases A and B, respectively 

with the following elution profile: 0 – 10 min, 10-70% B in A; 10 – 11 min 100% B; 

11 – 14 min 10% B. The mobile phase flow rate was 1.1 mL min-1 and the column 
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temperature was maintained at 25°C. A volume of 100 µL was injected. Benzoxa-

zinoids were traced at the absorption maximum of 270 nm and fractions between 

minutes 9.2 – 9.4 and 10.6 – 11.4 were collected with a SF-2120 Super Fraction 

collector (Advantec). Both fractions were concentrated with a Rotavapor R-114 ro-

tary evaporation system (Büchi) and twice washed with aqueous methanol and 

subsequently verified by LC-MS/MS (see Extraction and analysis of benzoxa-

zinoids). Collected and purified fractions containing 100 µg of the enzymatic prod-

uct TRIMBOA-Glc and 700 µg DIMBOA-Glc, respectively, were dissolved in 50 µL 

Milli-Q water and freeze-dried for NMR analysis.  

 

Nuclear magnetic resonance spectroscopy 
1H NMR, 1H,1H COSY, HMBC, and HSQC spectra were measured at 300 °K on a 

Bruker Avance III HD 700 NMR spectrometer (Bruker Biospin) using a cryogeni-

cally cooled 1.7 mm TCI 1H{13C} probe. The operating frequency was 700.45 MHz 

for 1H and 176.13 MHz for 13C. MeOH-d4 was used as a solvent and tetrame-

thylsilane as an internal standard. The residual HDO signal in the 1H NMR spectra 

was suppressed using the NOESY solvent-presaturation (noesypr1d) pulse pro-

gram. 

 

Identification of TRIMBOA-Glc 

The 1H NMR spectrum of TRIMBOA-Glc displayed doublets of an AX spin system 

assignable to the aromatic protons H-5 ( 6.96) and H-6 ( 6.63) (JH5-H6 = 8.9 Hz), 

a singlet (1H) at a low field ( 5.96) attributable to H-2 at the hydroxylated carbon 

atom of the 1,4-oxazin-3-one ring, and a singlet (integrating for three protons) with 

a chemical shift ( 3.90) characteristic of a methoxy group on the aromatic ring. In 

addition, a complete set of 1H NMR signals of the glucose unit were detected (see 

Supplemental Table 5 online). The signal of H-1' ( 4.71) shows a spin-spin cou-

pling JH1'-H2' = 7.9 Hz characteristic of β-configuration at the anomeric center of the 

glucose unit. The signal-to-noise ratio of this signal was reduced due to its proxim-

ity to the suppressed residual water signal. Attachment of the glucose to C-2 of the 

benzoxazinoid moiety was established by means of HMBC correlations of H-1' with 

C-2 ( 98.1) and H-2 with C-1' ( 104.3). The signal of H-2 also shows cross signals 

with C-3 ( 157.1) and C-9 ( 136.3), supporting its assignment to this particular 
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proton. HMBC correlations of H-5 and H-6 (Figure 3C) and the corresponding 13C 

chemical shifts proved that the carbon atoms C-7 ( 148.9) and C-8 ( 138.1) in 

the aromatic ring were oxygenated. The question whether the oxygen functionality 

at C-7 or C-8 carries the O-methyl group was established by means of the correla-

tion between the O-methyl signal and C-8 observed in the HMBC spectrum (Figure 

3C). Thus, the structure of TRIMBOA-Glc was identified as 2-(2,4,7-trihydroxy-8-

methoxy-1,4-benzoxazin-3-one)-β-D-glucopyranose. Further HMBC cross signals, 

together with HSQC correlations completed the assignment of the chemical shifts 

of the remaining carbon atoms (see Supplemental Table 5). 

 

Sequence analysis and tree reconstruction 

Multiple sequence alignments (MSA) of maize OMT and 2ODD genes similar to 

Bx7 and Bx6, respectively, were computed using the GUIDANCE2 server 

(http://guidance.tau.ac.il/ver2/) and the MAFFT (codon) MSA algorithm (see Sup-

plemental Data Set 1 and Supplemental Data Set 2 online). Based on the MAFFT 

alignments, trees were reconstructed with MEGA5 (Tamura et al., 2011) using a 

maximum likelihood algorithm (general time-reversible model, gamma distributed 

rates among sites). Codon positions included were 1st+2nd+3rd+noncoding. All 

positions with <90% site coverage were eliminated. Ambiguous bases were al-

lowed at any position. A bootstrap resampling analysis with 1000 replicates was 

performed to evaluate the topology of the generated trees. 

 

qRT-PCR analysis 

Relative quantification of Bx7, Bx13, and Bx14 gene expression was carried out 

using qRT-PCR with the qPCR system MxPro Mx300P (Stratagene). For the am-

plification of gene fragments with a length of 150-250 bp, specific primer pairs were 

designed having a melting temperature equal or higher than 60°C, a GC content 

between 35 and 55%, and a primer length in the range of 20 to 25 nucleotides 

(Supplemental Table 7). Primer specificity was confirmed by agarose gel electro-

phoresis, melting point curve analysis, and sequence verification of cloned PCR 

amplicons. Primer pair efficiency was determined using the standard curve method 

with fivefold serial dilution of cDNA and was found to be between 90 and 105%. As 

reference, the actin gene Zm-Actin1 (accession number MZEACT1G) was used. 
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cDNA was prepared as described above, and 1 µL cDNA was used in 20-µL reac-

tions containing Brilliant III SYBR Green qPCR Master Mix (Stratagene) and ROX 

as the reference dye. Biological replicates were analyzed as triplicates. The PCR 

consisted of an initial incubation at 95°C for 3 min followed by 50 amplification 

cycles with 20 sec at 95°C and 20 sec at 60°C. For each cycle, reads were taken 

during the annealing and the extension step. At the end of cycling, the melting 

curves were gathered for 55 to 95°C. Data for the relative quantity of calibrator 

average (dRn) were exported from MxPro software. 

 

Discovery of natural Bx13 knockout variants in HapMap3 maize lines 

In order to discover naturally-occurring knockout variants of Bx13, we performed 

sensitive re-mapping of Illumina reads from 916 diverse maize lines in HapMap 3.1 

(Bukowski et al., 2015). Paired-end reads from each sample - previously aligned 

using BWA-MEM (Bukowski et al., 2015) were isolated from the existing BAM files 

within 10 kb of AC148152.3_FGT005 (Bx13; AGPv3 Chr2:231942642-

231964277). These were then re-aligned to the same Bx13-proximal region of 

AGPv3 using Stampy (v. 1.0.23) with default options (Lunter and Goodson, 2011). 

Following alignment, we used Platypus to call variants, with option "assemble=1" 

(Rimmer et al., 2014). We then used SNPeff to infer the probable biochemical con-

sequences of the variants (Cingolani et al., 2012). Samples containing putative 

frameshifts or start codon losses were candidates for knockout mutations. These 

mutations were confirmed by DNA sequencing. 

 

Insect bioassays 

To test caterpillar preference, S. frugiperda larvae were given the choice between 

one Bx13NIL-Oh43 and one Bx13NIL-B73 plant sown together in 11 cm height, 4 

cm diameter plastic pots (n = 30). All plants were infested with three first instar S. 

frugiperda larvae. To prevent larvae from escaping, each pot was surrounded by a 

transparent plastic film (PPC-12.10A, Kodak). After two days, plant damage was 

recorded every day for ten days. After four days, the number of larvae feeding on 

each plant was recorded every 12 hours for six days. 

To measure S. frugiperda weight gain, individual Bx13NIL-Oh43 and 

Bx13NIL-B73 plants were infested with six first-instar S. frugiperda larvae (n = 18). 
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To prevent larvae from escaping, all plants were covered with 1.5 L polyethylene 

terephthalate (PET) bottles as described (Erb et al., 2011). Five, seven and nine 

days after infestation, larval mass was determined using a microbalance (Ohaus 

Corporation N30330). S. littoralis performance was measured similarly to S. frugi-

perda performance 9 days after infestation as described above (n = 7 - 9). D. bal-

teata performance was determined by placing six pre-weighed second instar D. 

balteata larvae in 5 cm deep holes in the soil. After 6 days, all larvae were collected 

and weighed to determine average weight gain (n = 8).  

For S. exigua growth assays, NILs containing either the Oh43 or the B73 

allele at Bx13 were planted in 1.5 cm deep in 200 cm3 plastic pots filled with mois-

tened maize mix [produced by combining 0.16 m3 Metro-Mix 360 (Scotts), 0.45 kg 

finely ground lime, 0.45 kg Peters Unimix (Scotts), 68 kg Turface MVP (Profile 

Products), 23 kg coarse quartz sand and 0.018 m3 pasteurized field soil]. Plants 

were grown in a growth chamber (Conviron) under a 16:8 h light:dark photoperiod 

and 180 mmol photons/m2/s light intensity at constant 23°C and 60% relative hu-

midity. Neonate larvae were confined on individual maize plants with perforated 

polypropylene bags (15 cm x 61 cm; http://www.pjpmarketplace.com). After 10 

days, S. exigua larvae were harvested, lyophilized, and weighed (n = 38 - 52).  

 For measurements of aphid reproduction, ten adult R. maidis from B73 

plants were confined on two-week-old Bx13NIL-Oh43 and Bx13NIL-B73 plants 

(grown as described above for S. exigua experiments) using perforated polypro-

pylene bags. Experimental plants with aphids were placed in the same growth 

room as the aphid colony. Seven days after infestation, the remaining adults and 

progeny were counted. As it was not possible to determine whether missing adult 

aphids had died, absconded, or were otherwise not found, aphid fecundity was 

calculated as progeny per adult aphid remaining at the end of the experiment. This 

experiment was independently replicated twice with comparable results. 

 

Statistical analysis  

Statistical significance was tested using analysis of variance in SigmaPlot 11.0 for 

Windows (Systat Software Inc., 2008). Whenever necessary, the data were ln 

transformed to meet statistical assumptions, such as normality and homogeneity 

of variances.  
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Accession numbers 

Sequence data from this article can be found in GenBank/EMBL data libraries un-

der the accession numbers: Bx6, AY104457; Bx7-CI31A, NM_001127247; Bx10-

B73, AGS16666; Bx11-B73, AGS16667; Bx12-CML322, AGS16668; Bx13-P39, 

KU521787, Bx13-Oh43, KU521786; Bx14-B73, KU521788; Bx14-Il14H, 

KU521789; OMT1-B73, ABQ58826; Zrp4, NM_001112219.  
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SUPPLEMENTAL DATA 

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

 

Supplemental Figure 0.  

Herbivory-induced changes in HDM2BOA-Glc and DIM2BOA-Glc are restricted to 

the wound site. 

Supplemental Figure 1.  

LC-MS/MS fragmentation patterns of DIMBOA-Glc and TRIMBOA-Glc. 

Supplemental Figure 2.  

Substrate specificity of the 2-oxoglutarate-dependent dioxygenases BX6 and 

BX13.  

Supplemental Figure 3.  

Nucleic acid alignment of Bx13-P39 and Bx13-Oh43.    

Supplemental Figure 4.  

Amino acid alignment of 2-oxoglutarate-dependent dioxygenases. 

Supplemental Figure 5.  

A mutated start codon in Bx13.  

Supplemental Figure 6.  

Generation of Bx13 near isogenic lines for the Bx13 locus on chromosome 2. 

Supplemental Figure 7.  

Enzymatic activity of O-methyltransferases similar to BX7 towards TRIMBOA-Glc.  

The intensities of the specific LC-MS/MS transitions are shown.  

Supplemental Figure 8.  

Enzymatic activity of O-methyltransferases similar to BX7 towards DIMBOA-Glc 

and DIM2BOA-Glc.  

Supplemental Figure 9.  

Nucleic acid alignment of Bx14-B73 and Bx14-Il14H. 

Supplemental Figure 10.  

In vitro activity of Bx14-Il14H and the presence/absence of an 30 bp-in frame in-

sertion in Bx14 within the NAM population. 

Supplemental Figure 11.  

Effect of BX13 on benzoxazinoid accumulation and hydrolysis. 

Supplemental figure 12. 
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BX13 decreases aphid performance (2
nd

 independent experiment). 
Supplemental Figure 13.  

Codon-optimized gene sequences of Bx6-CI31A and Bx7-CI31A for expression in 

Escherichia coli. 

Supplemental Table 1.  

Concentrations of DIM2BOA-Glc in undamaged controls and Spodoptera exigua-

treated maize leaf samples.  

Supplemental Table 2.  

Concentrations of HDM2BOA-Glc in undamaged controls and Spodoptera exigua-

treated maize leaf samples.  

Supplemental Table 3.  

Estimates of the additive allelic effect under the hypotheses H1, with the additive 

allelic effect, a, distinguishable from zero and the dominance deviation equal to 

zero.  

Supplemental Table 4.  

Primers for open reading frame amplification of investigated genes. 

Supplemental Table 5.  

1
H- and 

13
C NMR data of TRIMBOA-Glc (700.45 MHz for 

1
H and 176.13 MHz for 

13
C, MeOH-d4) 

Supplemental Table 6. P-values of two-way repeated measures analyses of var-

iance (ANOVA) to test for genotype and genotype*time effects in the Bx13 NILs. 

Supplemental Table 7. 

qRT-PCR Primers used to determine expression levels of Bx7, Bx13, and Bx14 

and primers for the detection of SNP markers. 

Supplemental Table 8. 

Annotation of benzoxazinoid derivatives by tR and their fragmentation patterns. 

Supplemental Table 9. 

LC-MS/MS settings used for the analysis of benzoxazinoids.  
Supplemental Table 10.  

List of RILs used for mapping in this study. 

Supplemental Dataset 1.  

FASTA file of the alignment of maize 2ODD genes similar to Bx6-B73. 
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Supplemental Dataset 2.  

FASTA file of the alignment of maize OMT genes similar to Bx7.  
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4 Discussion 

 

In my doctoral thesis I investigated the biosynthesis of induced nitrogenous 

defense compounds in maize – benzoxazinoids and aldoximes. I identified and 

characterized enzymes producing 4- and 8-O-methylated benzoxazinoid 

derivatives, and discovered that these compounds function in plant defense as 

toxins as well as signals. Furthermore, I characterized a cytochrome P450 enzyme 

catalyzing the formation of aldoximes in maize and obtained evidence for the 

function of the enzymatic products. The produced aldoximes may act as defense 

compounds or serve as precursors for plant hormones.  

I will now discuss the findings we obtained for the biosynthesis of nitrogen- 

containing defense compounds and their properties in maize from a broader 

perspective, and provide further data and insights about their formation, function 

and evolution.  

4.1 The biosynthesis of benzoxazinoids in maize – the current 

state of knowledge 

The biosynthesis of benzoxazinoids including all the known hydroxamic acids has 

now been fully elucidated in maize (Figure 4) (Frey et al., 1997; Rad et al., 2001; 

Jonczyk et al., 2008; Manuscript I, Manuscript III). This work describes the 

identification and characterization of the 4-O-methyltransferases (BX10, BX11, 

BX12, and BX14) that catalyze the formation of the methylated hydroxamic acids 

HDMBOA-Glc and HDM2BOA-Glc (Manuscript I; Manuscript III). The 

characterization of the 2-oxoglutarate/Fe(II)-dependent dioxygenase BX13 adds 

another biosynthetic branch to the benzoxazinoid pathway (Figure 4) (Manuscript 

III). Furthermore, we have shown that BX7 methylates additionally the BX13 

product, TRIMBOA-Glc, at position 7, which is highly uncommon in such a linear 

pathway (Manuscript III). Remarkably within the linear benzoxazinoid pathway, 

BX7 is involved in the formation of two major benzoxazinoids, DIMBOA-Glc and 

DIM2BOA-Glc, which have been demonstrated to contribute to maize resistance 
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(Niemeyer, 2009) to herbivores, bacteria and fungi (Corcuera et al., 1978; Sahi et 

al., 1990; Søltoft et al., 2008). Thus, differences in regulation or sequence 

modifications at Bx7 might have major consequences for maize innate immunity. 

Changes in Bx7 expression and sequence polymorphisms, for instance, can 

potentially influence the accumulation of benzoxazinoids and consequently affect 

protection against attackers (Manuscript III). 

We have shown that the identified biosynthetic enzymes BX10, BX11, BX12, 

BX13, and BX14 determine the composition and ratio of the complex 

benzoxazinoid mixture in maize. For example, a transposon insertion in Bx12 

significantly reduced the HDMBOA-Glc formation and a natural occurring mutation 

in Bx13 resulted in the absence of DIM2BOA-Glc while all other BXD compounds 

were not influenced (Manuscript III). The absence of DIM2BOA-Glc in two near 

isogenic lines comprising either a functional or mutated inactive Bx13 allele 

strengthens our findings. However, these near isogenic lines differed not only in 

their Bx13 alleles, which opens some room for interpretation (Manuscript III). RNAi-

mediated knock-down of target genes may give final proof for their role in the 

biosynthesis of benzoxazinoids. 

Although the biosynthesis of hydroxamic acid benzoxazinoid derivatives in 

maize is now completely solved, the biosynthesis of benzoxazinoid lactams is still 

unclear (Figure 4). It is likely that enzymes catalyzing the formation of hydroxamic 

acid derivatives also take part in the formation of the structurally closely-related 

lactams since we have not found any homologs to the characterized enzymes that 

might catalyze the formation of the corresponding lactams. More insights in the 

biosynthesis of benzoxazinoids will help to understand the biological impact and 

function of individual benzoxazinoid derivatives.  

In addition to the work presented in this thesis, we created transgenic plants 

overexpressing Bx12 to study the biological and physiological impact of methylated 

benzoxazinoids. I designed constructs for the overexpression of Bx12 in wheat and 

maize. Positive transformation events have already been selected, which now have 

to be back-crossed to achieve homozygous plants. Similarly, a Bx11 150 bp-

fragment, which shares the highest identity with sequences of the homologs Bx10, 

Bx12 and Bx14 (90–99%), has been chosen to try to silence all characterized 4-O-

methyltransferases in maize. The resulting transgenic plants will provide further 

insights about the role of 4-O-methylated benzoxazinoid derivatives in chemical 

defense in grasses. 

 

While DIBOA-Glc and DIMBOA-Glc as products of the core BXD pathway are 

produced in nearly all investigated grass species, the methylated compounds 

HDMBOA-Glc,  DIM2BOA-Glc, and HDM2BOA-Glc have only been described in a 
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Figure 4. Current state of benzoxazinoid biosynthesis in maize.  
Enzymes which have been characterized in the present study are marked with black lined spheres (○). The 
biosynthesis of HMBOA-Glc, HM2BOA-Glc and the presence and formation of a HMBOA-Glc isomer (2-
hydroxy-4-methoxy-2H-1,4-benzoxazin-3-one 2-glucoside) remains unknown. The biosynthetic steps which 
might lead to the mentioned benzoxazinoids are indicated (- - -). 
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few grasses such as wheat and maize (Hofman and Masojidková, 1973; Sicker 

and Schulz, 2002, Søltoft et al., 2008). This suggests that the ability to synthesize 

the methylated benzoxazinoids is a unique and recent evolutionary adaptation. 

However it is still unclear whether the biosynthetic genes involved in HDMBOA-

Glc, DIM2BOA-Glc, and HDM2BOA-Glc formation are of the same origin in wheat 

and maize or whether they evolved independently.  

Increased pest density in monocultures and artificial selection might have 

influenced the evolution of plant defenses in crops (Andow, 1991; Zhang et al., 

2002; Tian et al., 2009). The selection of disease-related alleles has been found to 

pass through episodic laps, presumably influenced by pathogen availability and 

specificity (Tiffin and Gaut, 2001; Zhang et al., 2002). Approximately 1200 genes 

throughout the maize genome have been affected by artificial selection (Wright et 

al., 2005). The Bx1 allele (Accession No. AY104439) is one of the top-ranked 

candidates, and was likely affected by selection during domestication (Wright et 

al., 2005). Additionally, it has been shown that the genetic variation at Bx1, 

supposedly affected by breeding, controls benzoxazinoid biosynthesis in maize 

(Butrón et al., 2010). Other benzoxazinoid biosynthetic genes have not been found 

to be affected by breeding (Wright et al., 2005). However, this study surveyed only 

a limited number of inbred lines (14 maize inbred lines and 16 inbred teosintes, the 

maize ancestors) (Wright et al., 2005), meaning that it cannot be excluded that 

maize breeding, which has yielded hundreds of diverse maize inbred lines, broadly 

influenced benzoxazinoid biosynthesis.   

4.2 Genetic mapping of biosynthetic genes responsible for 

defense compound formation in maize 

To identify genes involved in benzoxazinoid formation, we combined homology-

based sequence analysis and genetic mapping. The mapping provides additional 

proof for the biosynthesis of benzoxazinoids in planta. This is of significance as the 

standard approach to validate in-vitro enzyme characterization, the Agrobacterium-

mediated overexpression or knock-out of genes, is neither as routine nor as 

reproducible in maize as in dicotyledonous plants (Potrykus, 1989; Songstad, 

2010). 

We used a genome-wide association mapping approach to identify genes 

responsible for benzoxazinoid production in maize. The genetic mapping of certain 

chemical traits in maize including DIMBOA-Glc, maysin, and chlorogenic acid 

content has been conducted before (Guo et al., 2001; Butrón et al., 2010; Widstrom 

et al., 2003) and previously characterized genes were assigned to mapped 

quantitative trait loci (QTL). For instance, chalcone isomerase genes were 
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associated with maysin biosynthesis QTLs and the location of Bx genes was 

consistent with a DIMBOA-Glc biosynthesis QTL on the tip of chromosome 4 

(Meihls et al., 2012). However mapped candidate genes with unknown function 

have rarely been characterized in maize. 

Genetic mapping of the formation of HDMBOA-Glc, DIM2BOA-Glc and 

HDM2BOA-Glc revealed a total of four QTLs on chromosomes 1, 2, and 4 (bin1.04, 

bin2.05, bin2.09, and bin4.03, respectively) (Manuscript I; Manuscript III). At the 

same time, benzoxazinoid content mapped in root and shoot tissues of varying 

recombinant inbred line (RIL) populations yielded the same specific QTLs 

(Manuscript III). Although each mapped QTL comprises a few hundred genes, we 

were able to limit potential candidate genes to a manageable number. Key to this 

was making basic assumptions about the enzyme class that might catalyze the 

reaction under consideration, and using the annotated maize genome (Schnable 

et al., 2009). Heterologous expression of candidate genes and subsequent activity 

assays with purified enzymes resulted in the identification of benzoxazinoid 

biosynthetic enzymes (Manuscript I; Manuscript III). Near isogenic inbred lines 

provided further evidence that the characterized enzymes are responsible for the 

formation of benzoxazinoid derivatives in maize (Manuscript III).  

The applied genetic mapping approach for HDMBOA-Glc, DIM2BOA-Glc and 

HDM2BOA-Glc contents turned out to be robust due to the high sensitivity and 

resolution of the chemical analysis and use of both targeted und untargeted 

metabolomics approaches. In combination with genetic background information 

(Flint-Garcia et al., 2005; Yu et al., 2008; McMullen et al., 2009; Schnable et al., 

2009; Wei et al., 2009; Zhou et al., 2009; Ganal et al., 2011), metabolomics data 

can provide tremendous information about biosynthetic pathways of natural plant 

products. Untargeted metabolic analysis of maize tissues might be especially of 

value in future pathway discovery. Making such metabolomics data accessible to 

the public can lead to advances in maize research in many different areas.  

4.3 The origin and activity of benzoxazinoid O-methyltrans-

ferases 

It has already been stated that the 7-O-methyltransferase BX7 is related to 

flavonoid 7-O-methyltransferases based on sequence identity (Jonczyk et al., 

2008). In many cases, substrates of related O-methyltransferases have been found 

to share structural features (Lam et al., 2007). The overall chemical skeleton   of   

flavonoids   in   fact  resembles  that  of  benzoxazinoids.  Both  are  
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◄ Figure 5. Rooted phylogenetic tree of grass O-methyltransferases, a novel 5-O-methyltransferase enzyme 
activity in grasses found in maize, and an alignment of characterized grass O-methyltransferases. 
(A) The tree was inferred using the maximum likelihood method and n = 1000 replicates for bootstrapping. 
Bootstrap values are shown next to each node. The tree is drawn to scale, with branch lengths measured in 
the number of substitutions per site. (B) Enzyme activity of GRMZM2G093092: Purified recombinant 
GRMZM2G093092 as well as the empty vector control were incubated with Apigenin and the S-adenosyl-L-
methionine. Product formation was analyzed by LC-MS/MS. The chemical structure of the methylation product, 
Apingenin-5-methylether, has been obtained by NMR. (C) Sequence alignment of seven characterized plant 
O-methyltransferases. The numbering of each protein is in parentheses, with every 10th position dotted. 
Residues involved in SAM/SAH binding (pink), substrate binding (blue), substrate binding in trans from the 
dyad related polypeptide (green), and catalysis (yellow) are highlighted. Modified from Zubieta et al., 2001. 
 

 

composed of two six-membered rings and a heterocycle; however the origin, the 

type and number of functional groups, and the stereochemistry differ (Figure 5B). 

Flavonoids are ancient and widespread specialized compounds, ubiquitously 

found in plants (Winkel-Shirley, 2002). It might be possible that the benzoxazinoid 

enzymes characterized in this study originate from enzymes from the older 

flavonoid pathway or share at least a common evolutionary history. 

 
 

Table 1. Enzyme activities of related maize O-methyltransferases (OMTs).  
The examined OMTs form a cluster in a phylogenetic analysis of maize OMT sequences. Activity with 
DIMBOA-Glc and various flavonoids is indicated by black spheres (●). A lack of activity is indicated by a cross 
(X). Enzymes with a higher relative activity are labeled with two spheres. Product formation was analyzed by 
LC-MS/MS. 
 

 O-METHYLTRANSFERASES FROM  
Zea mays 

SUBSTRATE B
X

10
 

B
X

11
 

B
X

12
 

B
X

14
a
 

G
R

M
Z

M
2

G
0

93
0

9
2a

 

G
R

M
Z

M
2

G
1

06
1

7
2

 

G
R

M
Z

M
2

G
0

99
2

9
7

 

DIMBOA-Glc ● ● ● ● X X X 

Naringenin X X X X ●● ● X 

Apigenin X X X X ●● ● X 

Kaempferol X X X X ●● ● X 

aAmino acid sequences of BX14 and GRMZM2G093092 share 
81% identity. 

 

In a phylogenetic analysis, Bx7 clusters with flavonoid 7-O-methyltransferases 

from rice (OsF7OMT) and barley (HvF7OMT) (Figure 5A). Applying findings from 
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the crystallization of plant OMTs, the catalytic residues of the 7-O-

methyltransferases BX7 and HvF7OMT match each other quite well among the 

conserved regions (Zubieta et al., 2001). BX7 and HvF7OMT share 14 out of 22 

catalytic residues responsible for substrate binding, co-factor binding and residues 

involved in the transfer of the activated methyl group (Figure 5C). Six of the varying 

amino acid side chains belong to regions assigned to substrate binding and 

substrate pocket assembly (Zubieta et al., 2001), which might explain why BX7 

does not utilize flavonoids (Jonczyk et al., 2008). 

Between benzoxazinoid 4-O-methyltransferases and flavonoid 7-O-

methyltransferases many catalytic residues are also shared (Figure 5C). However, 

the characterized benzoxazinoid 4-OMTs do not utilize flavonoids based on recent 

data I obtained that are not included in the rest of the thesis (Table 1). I further 

performed enzyme assays with the maize O-methyltransferases 

GRMZM2G093092 and GRMZM2G106172, which are closely related to BX10, 

BX11, BX12, and Bx14 (Figure 5A). These assays revealed that 

GRMZM2G093092 and GRMZM2G106172 methylate various flavonoids (Table 1). 

Interestingly, GRMZM2G093092 and GRMZM2G106172 were not able to 

methylate the benzoxazinoid DIMBOA-Glc (Table 1), although they are highly 

homologous to BX10, BX11, BX12, and BX14 (81– 85%).  

 For flavonoids, a number of hydroxyl groups are potential sites of O-

methylation. NMR analysis of the purified apigenin GRMZM2G093092 methylation 

product revealed the methylation site to be at position 5 (Figure 5B). The apigenin-

5-methylether has been described from tropical oleander (Voigtländer and Balsam, 

1970), but has not been found in maize or other grasses before. I found apigenin-

5-methylether in maize and sorghum. Maize produces apigenin-5-methylether in 

response to Bipolaris maydis infection (data not shown). Bipolaris maydis, a fungal 

pathogen, can cause yield losses up to 70% in a tropical climate.  

The distinct substrate specificity of BX14 and GRMZM2G093092 could be 

explained by differing residues in the dimerization domain, the catalytic domain, 

and the substrate binding domain (Figure 5C). In vitro mutagenesis may help to 

identify amino acid side chains that maintain the catalytic properties. 

Both the phylogenetic analysis and the characterization of GRMZM2G093092 

and GRMZM2G106172 as flavonoid O-methyltransferases give first indications 

that O-methyltransferase genes of the benzoxazinoid pathway evolved from 

flavonoid O-methyltransferases. However, the exact evolutionary history of 

benzoxazinoid O-methyltransferase genes in grasses is still unclear (Dutartre et 

al., 2012). As an example for the evolution of resistance genes, our growing 

knowledge about plant OMTs will allow us to understand how novel and beneficial 

enzyme activities evolved in grasses. 
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4.4 Benzoxazinoid dioxygenases: Enzyme activity and evolution 

Similar to benzoxazinoid O-methyltransferases, the evolution of the dioxygenase 

genes Bx6 and Bx13 is still unclear (Dutartre et al., 2012). In maize, the most 

related gene to Bx6 and Bx13 is the dioxygenase Flavone synthase I (FsnI), which 

shares 60% sequence identity with Bx6/13. Analogous to the O-

methyltransferases, the benzoxazinoid dioxygenases may have evolved from an 

ancestor accepting flavonoids as substrates. 

 

 
Figure 6. Rooted phylogenetic tree of maize 2-ODD amino acid sequences similar to BX13-P39.  
The tree was inferred using the maximum likelihood method and n = 1000 replicates for bootstrapping. 
Bootstrap values are shown next to each node. The tree is drawn to scale, with branch lengths measured in 
the number of substitutions per site. The originating genus and species for each sequence are indicated. BX6 
and BX13 from Zea mays and the BX6/BX13-homologs from Triticum aestivum are marked black. 

 
The wheat genome comprises genes homologous to both maize 

benzoxazinoid dioxygenases Bx6 and Bx13 (http://www.gramene.org; 

Traes_2AS_768355513, Traes_2DS_487F6E652, Traes_2BS_B711409FC, and 

Traes_4BS_0992B075F; Figure 6). In addition, wheat is also known to produce the 

respective enzymatic products, DIMBOA-Glc and DIM2BOA-Glc (Hofman and 

Masojidková, 1973; Sicker and Schulz, 2002, Søltoft et al., 2008). However, wheat 

and maize BX6/BX13-like dioxygenase sequences are surprisingly well separated 

in phylogenetic analysis according to plant species and not separated in a distinct 

BX6- and a BX13-cluster as expected (Figure 6). This suggests that maize BX13 

and the wheat BX13-like enzyme evolved independently in maize and wheat by 

duplication of their respective Bx6(-like) ancestors, demonstrating convergent 

evolution. A consequence of convergence could be that there re differences in the 
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reaction mechanism of BX13 between wheat and maize. Contrary to the catalytic 

mechanism of the maize BX13 (Manuscript III), the homologous dioxygenase from 

wheat may directly catalyze the hydroxylation at position 8 of DIMBOA-Glc, which 

would confirm an independent evolution of DIM2BOA-Glc formation in wheat and 

maize. 

4.5 Second Messengers: Parallels in signaling properties of 

benzoxazinoid and glucosinolate aglucones 

Well-known plant defense chemicals have been discovered to function not only as 

direct weapons against enemies, but also additionally as signals in inducing 

defense pathways (Maag et al., 2014). For instance, glucosinolates have been 

found to be required for callose deposition after treatment with the main component 

of bacterial flagellum, flagellin, microbial pathogens, and aphids (Clay et al., 2009; 

Bednarek et al., 2009; Pfalz et al., 2009). Glucosinolates show many parallels to 

benzoxazinoids, e.g. in terms of activation and mode of action (Halkier and 

Gershenzon, 2006). Maize lines mutated in indole-3-glycerol phosphate lyase 

(Bx1) have diminished benzoxazinoid concentrations and were impaired in callose 

deposition triggered by the fungal polysaccharide chitosan (Ahmad et al., 2011). 

However, application of the benzoxazinoid aglucone DIMBOA restored callose 

deposition in the benzoxazinoid deficient maize mutant in a dose-dependent 

manner (Ahmad et al., 2011). Application of a solution containing 20 µg mL-1 

DIMBOA induced the deposition of approximately 4 times more callose than a 

solution containing 4 µg mL-1 of DIMBOA (Ahmad et al, 2011). Therefore, 

accumulation of DIMBOA glucoside in maize organs positively influenced defense 

against aphids, because of the increased potential for callose formation. 

An inactivating transposon insertion in the 4-O-methyltransferase Bx12, which 

uses DIMBOA-Glc as substrate, significantly affected the DIMBOA-Glc 

concentration in leaves (Manuscript I). Maize lines of the NAM population with this 

Bx12-insertion were found to produce significantly more DIMBOA-Glc than lines 

with an active Bx12. The varying DIMBOA-Glc concentrations also positively 

correlate with altered callose deposition upon leaf aphid infestation, indicating a 

signaling function for DIMBOA-Glc (Manuscript I).  

Structurally related to benzoxazinoids, indole-derived glucosinolate aglucones 

have also been identified to influence callose deposition (Clay et al., 2009; 

Bednarek et al., 2009; Pfalz et al., 2009). The plant hormone indole-3-acetic acid 

has been shown to affect the callose deposition by influencing glucan synthase like 

8 (GLS8) in Arabidopsis, which is involved in callose synthesis (Han et al., 2014). 

Hypothetically, the mechanism which leads to callose deposition by glucosinolates 
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and benzoxazinoid aglucones might be similar to the mechanism by which auxin 

accomplishes this, with the difference that higher concentrations are necessary in 

order to achieve the same effect e.g. due to lower binding affinities to receptors. It 

is feasible that the second messenger effect of glucosinolates and benzoxazinoids 

is based on the same or a modulated signaling pathway normally triggered by 

phytohormones. Therefore these recently discovered signaling functions of indolic 

glucosinolates and indole-derived benzoxazinoids may have also coexisted with 

the direct effects of these compounds towards plant attackers. Modulations of the 

system such as the transposon insertion in Bx12 might be an adaptation to the 

specific selection pressure of a pathogen or an aphid species (Manuscript I).  

Another group of maize nitrogenous metabolites studied, the aldoximes, may 

also participate in signaling serving as potential precursors for phytohormones. We 

characterized the maize cytochrome P450 enzyme CYP79A61 which catalyzes the 

formation of (E/Z)-phenylacetaldoxime and (E/Z)-indole-3-acetaldoxime 

(Manuscript II). It has already been discussed that both compounds might be 

transformed to the phytohormones, phenylacetic acid and indole-3-acetic acid, 

respectively. We found that CYP79A61 gene expression and the enzyme products 

(E/Z)-phenylacetaldoxime and (E/Z)-indole-3-acetaldoxime were induced upon 

herbivory, corresponding well with elevated levels of phenylacetic acid and indole-

3-acetic acid in herbivore-damaged plants (Manuscript II). Thus for the induction of 

phenylacetic acid and indole-3-acetic acid in maize, CYP79A61 activity is decisive. 

Aldoximes have also been shown to contribute to direct and indirect plant defense 

(Irmisch et at., 2013; McCormick et al., 2014), and furthermore intermediates in 

indole-3-acetic biosynthesis were found to be toxic (Pedras et al., 2002), illustrating 

that aldoximes may play multiple roles in plant defense responses. 

4.6 Outlook 

In this thesis, I have not only filled in most of the gaps in the biosynthetic pathway 

for benzoxazinoid formation, but also obtained the first indications of the 

evolutionary history of some of the genes characterized. The benzoxazinoid 4-O-

methyltransferses seem to have been recruited from flavonoid O-

methyltransferases, while the benzoxazinoid 2-oxoglutarate/Fe(II)-dependent 

dioxygenases seem to have arisen independently in wheat and maize, despite the 

close relationship of these two grasses. The results shed light on some of the 

mechanisms that have created the biosynthetic machinery producing the 

enormous variety of plant natural products.  
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5 Summary 

The aim of this work was to identify enzymes responsible for the formation of in-

duced nitrogenous defence compounds in maize. Benzoxazinoids represent the 

major class of defence compounds in maize and other grass species. The biosyn-

thetic pathway leading to the main benzoxazinoid in maize, DIMBOA-Glc, has been 

unravelled before. However, upon herbivory or pathogen infestation, DIMBOA-Glc 

can be converted into a mixture of methylated benzoxazinoids including HDMBOA-

Glc, DIM2BOA-Glc, and HDM2BOA-Glc. The aglucons of these compounds are 

more toxic than DIMBOA, suggesting that this conversion is part of a plant defense 

reaction. However, the biosynthesis as well as the exact biological functions of 

these compounds in maize were unknown.  

 A genome-wide association mapping approach was used to identify genes 

associated with the formation of methylated benzoxazinoids. In total, we identified 

five O-methyltransferase genes and a single 2-oxoglutarete/Fe(II)-dependent diox-

ygenase gene. Candidate genes were heterologously expressed in Escherichia 

coli. In activity assays, the candidates were shown to specifically catalyze the for-

mation of HDMBOA-Glc, DIM2BOA-Glc and HDM2BOA-Glc. The O-methyltransfer-

ases BX10, BX11, BX12, and BX14 methylate DIMBOA-Glc which results in 

HDMBOA-Glc formation. The dioxygenase BX13 hydroxylates DIMBOA-Glc. The 

hydroxylation product, TRIMBOA-Glc, is subsequently methylated by the O-me-

thyltransferase BX7 which leads to DIM2BOA-Glc. DIM2BOA-Glc is a substrate for 

the O-methyltransferase BX14 yielding HDM2BOA-Glc. We have found natural oc-

curring mutations and a transposon insertion in the identified biosynthetic genes 

causing diminished concentrations or a lack of the considered benzoxazinoids in 

the respective maize lines.  

Further we discovered that an inactivating transposon insertion in Bx12 mod-

ulates the ratio of the BX12 substrate DIMBOA-Glc and the methylation product. 

Maize inbred lines harbouring the transposon insertion were found to produce ele-

vated levels of DIMBOA-Glc which correlated with a decreased susceptibility to-

wards maize leaf aphids. This is attributed to signalling properties of DIMBOA-Glc 

or its aglucone, which cause callose formation, a known defence trait against suck-

ing insects. The indole-derived DIMBOA-Glc presumably triggers signalling com-

ponents that are also mediated by phytohormones such as indole-3-acetic acid 

(IAA). We characterized cytochrome P450 enzymes, which catalyze the formation 

of (E/Z)-phenylacetaldoxime and (E/Z)-indole-3-acetaldoxime from L-tryptophan 

und L-phenylalanine, respectively. There is evidence that auxins are potentially 

synthesized from these aldoximes. 
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6 Zusammenfassung 

Ziel der Arbeit war es Enzyme zu identifizieren, welche die Biosynthese von indu-

zierten, stickstoffhaltigen Pflanzenabwehrstoffen in Mais katalysieren – namentlich 

von Benzoxazinoiden und Aldoximen. Benzoxazinoide sind Substanzen, die über-

wiegend in Süßgräsern auftreten. Viele Süßgräser, zu denen auch Nutzpflanzen 

wie Mais, Roggen oder Weizen gehören, akkumulieren die Benz-oxazinoide DI-

BOA-Glc oder DIMBOA-Glc. Nach Insektenbefall oder auch Pilzbefall werden ver-

mehrt die methylierten Benzoxazinoide HDMBOA-Glc, DIM2BOA-Glc und 

HDM2BOA-Glc gebildet, deren Aglukon meist reaktiver sind als deren chemische 

Vorläufer. Die Biosynthese und die genaue Funktion dieser, nach Befall durch 

Schädlinge induzierten Benzoxazinoide, waren jedoch unbekannt.  

Basierend auf genetischen Kartierungen identifizierten wir Kandidatengene, 

die für fünf O-Methyltransferasen und für eine 2-oxoglutarate/Fe(II)-abhängige Di-

oxygenase kodieren. In Aktivitätsassays konnte ich nachweisen, dass die hetero-

log exprimierten Enzyme die Synthese von HDMBOA-Glc, DIM2BOA-Glc und 

HDM2BOA-Glc katalysieren. Die O-Methyltransferasen BX10, BX11, BX12 und 

BX14 methylieren DIMBOA-Glc, wodurch direkt HDMBOA-Glc gebildet wird. 

DIM2BOA-Glc wird in zwei aufeinanderfolgenden enzymatischen Schritten synthe-

tisiert: DIMBOA-Glc wird zunächst durch die  2-oxoglutarate/Fe(II)-abhängige Dio-

xygenase BX13 hydroxyliert. Die O-Methyltransferase BX7 setzt dann das Hydro-

xylierungsprodukt TRIMBOA-Glc um und gibt schließlich DIM2BOA-Glc frei. 

DIM2BOA-Glc dient als Substrat für die O-Methyltransferasen BX14, welche 

HDM2BOA-Glc bildet. Maisinzuchtlinien, die Mutationen oder Transposoninsertio-

nen in den identifizierten Biosynthesegenen tragen, sind nicht oder nur begrenzt in 

der Lage das entsprechende Benzoxazinoid zu bilden. 

Wir konnten zeigen, dass DIMBOA-Glc oder deren Aglukon neben toxischen 

Eigenschaften auch Signaleigenschaften in Mais besitzt und in Folge von Blatt-

lausbefall die Synthese von Callose beinflusst. Das von Indol abstammende DIM-

BOA-Glc nutzt dabei möglicherweise Strukturen, die auch von Pflanzenhormonen 

wie z.B. Indol-3-essigsäure (IAA) angesprochen werden. In einer weiteren Studie 

konnten wir ein Cytochrom-P450 abhängiges Enzym identifizieren, das aus L-Tryp-

tophan und L-Phenylalanin die entsprechenden Aldoxime herstellt. Die Synthese 

der Aldoxime wird durch Insektenbefall induziert. Diese Aldoxime fungieren mög-

licherweise direkt als Abwehrstoffe oder werden als Vorläufer für die Synthese von 

Pflanzenhormone wie IAA benötigt, die ihrerseits Abwehrreaktionen auslösen kön-

nen. 
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Supplemental Figure 1. Aphid susceptibility is caused by a dominant allele on CML322 chromosome 1. (A) 
Location of QTL for aphid progeny production. (B) Aphid reproduction on B73 x CML322 recombinant inbred 
lines. Lines that are homozygous for B73 or CML322 alleles, respectively, at molecular markers flanking the 
QTL shown in panel A are grouped together (Mean ± s.e.; n = 68 for B73, n = 61 for CML322). (C) Number of 
progeny produced by 10 aphids over 7 days on B73, CML322, and F1 progeny from a cross (Mean ± s.e.; n = 
10). Different letters indicate significant differences between lines (*P < 0.05; Tukey’s HSD). 
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Supplemental Figure 2. Maize chromosome LOD plots showing location of aphid resistance QTL. (A-D) B73 
x CML322, B73 x CML277, B73 x CML52, and B73 x CML52 recombinant inbred lines. Horizontal lines within 
in the figures show the 95% confidence level. 
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Supplemental Figure 3. Correlation of DIMBOA-Glc content with other benzoxazinoids in parental lines of the 
NAM population. (A) DIMBOA-Glc concentrations were compared to HDMBOA-Glc (r = -0.51; P < 0.01, 
Student’s t-distribution). (B) DIMBOA-Glc concentrations were compared to DIM2BOA-Glc (r = 0.39; P < 0.05, 
Student’s t-distribution). (C) DIMBOA-Glc concentrations were compared to HMBOA-Glc (r = 0.18; P > 0.05, 
Student’s t-distribution). Data for the correlation analyses are from Figure 2.  
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Supplemental Figure 4. Correlation of aphid resistance and benzoxazinoid content of maize leaves (A) 
Correlation between DIMBOA-Glc and aphid reproduction on parental lines of the maize NAM population. (r = 
0.76; P < 0.001, Student’s t-distribution). (B) Correlation between HDMBOA-Glc content and aphid 
reproduction on parental lines of the maize NAM population. Data points represent means from datasets 
depicted in Figure 2. (r = 0.45; P < 0.05, Student’s t-distribution)  
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Supplemental Figure 5. High HDMBOA-Glc accumulation is caused by a dominant allele on CML322 
chromosome 1. (A) HDMBOA-Glc content in B73 x CML322 RILs. Lines that are homozygous for B73 or 
CML322 alleles, respectively, at molecular markers flanking the QTL shown in panel A are grouped together 
(Mean ± s.e.; n = 68 for B73, n = 61 for CML322). (B) Constitutive DIMBOA-Glc and HDMBOA-Glc 
concentrations of B73, CML322, and B73 x CML322 F1 progeny. (Mean ± s.e.; n = 9). Different letters indicate 
significant differences between lines (*P < 0.05; Tukey’s HSD). (C) LOD plot showing the location of QTL for 
DIMBOA-Glc content in the maize genome. The 95% significance level is shown as a horizontal line. (D) 
Comparison of DIMBOA-Glc and HDMBOA-Glc content in 128 B73 x CML322 recombinant inbred lines. 
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Supplemental Figure 6. Aphid choice experiments, comparing B73 to more susceptible inbred lines. Ten 
adult aphids were place between two two-week-old maize plants. After 24 hours the number of aphids on each 
plant was counted. Mean +/- s.e.; numbers in bars indicate the number of replicates for each experiment; *P 
< 0.05, two-tailed t-test. 
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Supplemental Table 1. Predicted B73 genes in the area of the bin 1.04 R. maidis resistance QTL, mapped 
with four sets of recombinant inbred lines: B73 x CML322, B73 x CML277, B73 x CML52 and B73 x CML69. 
DIMBOA-Glc methyltransferase genes Bx10a (GRMZM2G311036), Bx10b (GRMZM2G336824), and Bx10c 
(GRMZM2G023325) are marked in red. 
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Supplemental Table 2. Primers used in this study. 
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The maize cytochrome P450 CYP79A61 produces 

phenylacetaldoxime and indole-3-acetaldoxime in heterologous 
systems and might contribute to plant defense and auxin formation 
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Supplemental Figure 1. Comparative genomic analysis of Sorghum bicolor chromosome 1 with maize 
chromosomes 1, 2, 5, and 9. The analysis was done using the web server http://www.plants.ensembl.org. 
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Supplemental Figure 2. Comparative genomic analysis of Zea mays chromosome 9 with Sorghum bicolor 
chromosomes 1 and 10. The analysis was done using the web server http://www.plants.ensembl.org. 
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Supplemental Figure 3. Phylogenetic tree of CYP79 sequences from maize and Sorghum bicolor. The rooted 
tree was inferred with the neighbor-joining method and n = 1000 replicates for bootstrapping. Bootstrap values 
are shown next to each node. As an outgroup, CYP71A13 from Arabidopsis thaliana was chosen. 
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Supplemental Figure 4. Volatiles released from transgenic Nicotiana benthamiana plants transiently 
overexpressing either a 35S::eGFP construct or a 35S::CYP79A61 construct. Volatiles were collected three 
days after Agrobacterium tumefaciens infiltration and analyzed using GC-MS. 1, 5-epi-aristolochene; 2, 2-
phenylethanol; 3, benzyl cyanide; 4, 2-phenylnitroethane; 5, phenylacetaldoxime; IS, internal standard. 
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Supplemental Figure 5. Volatiles released from undamaged 10 day-old Zea mays (cultivar Delprim) seedlings 
(control) and seedlings treated with caterpillar oral secretion (herbivory). Volatiles were collected and analyzed 
using GC-MS. 1, β-myrcene; 2, 3-hexen-1-ol acetate; 3, limonene; 4, linalool; 5, (E)-4,8-dimethyl-1,3,7-
nonatriene; 6, phenylmethyl acetate; 7, 2-phenylethyl acetate; 8, indole; 9, geranyl acetate; 10, (E)-β-
caryophyllene; 11, (E)-α-bergamotene; 12, (E)-β-farnesene; 13, β-sesquiphellandrene; 14, 4,8,12-
trimethyltrideca-1,3,7,11-tetraene; IS, internal standard. 
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Supplemental Figure 6. Accumulation of cyanogenic glycosides in maize and sorghum. Maize and sorghum 
coleoptiles were harvested three days after germination. Undamaged maize leaves and caterpillar oral 
secretion-treated maize leaves were obtained as described in the Methods section. Glycosylated compounds 
were extracted with methanol and cyanogenic glycosides were analyzed using LC-MS/MS with multiple 
reaction monitoring (MRM). MRMs for dhurrin, prunasin, and amygdalin were established using authentic 
standards obtained from SIGMA-Aldrich (http://www.sigmaaldrich.com) (dhurrin) or prepared from bitter 
almonds (prunasin, amygdalin) and MRMs for lotaustralin and linamarin were calculated from those of dhurrin 
and prunasin. Amygdalin, lotaustralin and linamarin could not be detected in maize and sorghum (data not 
shown). 
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Supplemental Table 1. Oligonucleotides used in this study. 
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Biosynthesis of 8-O-Methylated Benzoxazinoid Defense Compounds  

in Maize° 
 

 
°The reviewed manuscript has been published in The Plant Cell after the thesis’ submission: Handrick, Vinzenz et al (2016). Biosynthesis of 8-O-methylated benzoxazinoid defense compounds 
in maize. Plant Cell tpc.00065.2016; doi:10.1105/tpc.16.00065. 
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Supplemental Figure 0. Herbivory-induced changes in HDM2BOA-Glc and DIM2BOA-Glc are restricted to the 
wound site. Induction of DIM2BOA-Glc and HDM2BOA-Glc in the systemic parts of leaves of the lines B73 and 
P39 at different time points is shown. Herbivory was mimicked by wounding and application of Spodoptera 
exigua regurgitant on one side of the midrib of a maize leaf. Systemic induction was measured on the other 
side of the midrib. Fold changes are expressed compared to non-elicited controls. No significant induction was 
detected for the different genotypes at the different time points (Two-way ANOVAs, P > 0.05) 
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Supplemental Figure 1. LC-MS/MS fragmentation patterns of DIMBOA-Glc and TRIMBOA-Glc. (A) LC-
MS/MS chromatogram of DIMBOA-Glc eluting at 9.4 min under conditions described in the methods section. 
Prominent fragments are marked with F1 – F4. (B) LC-MS/MS chromatogram of the BX13 DIMBOA-Glc 
oxidation product, TRIMBOA-Glc, at 4.2 min. The structure of the product was confirmed by NMR. Fragments 
related to F1 – F4 are indicated.   

 

  



B i o s y n t h e s i s  o f  i n d u c e d  d e f e n s e  c o m p o u n d s  

 163 

 

 

 

Supplemental Figure 2. Substrate specificity of the 2-oxoglutarate-dependent dioxygenases BX6 and BX13. 
Activity assays of purified enzymes were incubated with (A) DIMBOA-Glc, (B) DIM2BOA-Glc, and (C) 
HDMBOA-Glc in the presence of the cofactors Fe(II), and 2-oxoglutarate. The intensities of the specific LC-
MS/MS transitions are shown. Assays were repeated at least three times.  
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Supplemental Figure 3. Nucleic acid alignment of Bx13-P39 and Bx13-Oh43. 
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Supplemental Figure 4. Amino acid alignment of 2-oxoglutarate-dependent dioxygenases. Alignment of BX6-
CI31A, BX13-P39 and BX13-Oh43. Identical amino acid are colored in black and similar amino acids in grey. 
Conserved residues of the active center are marker by green dots. 
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Supplemental Figure 5. Some Bx13 alleles contain a mutated start codon. (A) Alignment of chromosomal 
DNA sequences in the area of the Bx13 translation start site, showing mutation of the start codon from ATG 
to TTG in maize inbred lines Oh43, LH38, and LH39. (B) Benzoxazinoid concentrations of untreated maize 
leaves of 10 day-old inbred lines different in the Bx13 translation start site  (n ≥ 3). 
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Supplemental Figure 6. Generation of Bx13 near isogenic lines for the Bx13 locus on chromosome 2. (A) 
Genotype of recombinant inbred line Z022E0081, as downloaded from www.panzea.org. Plants used to 
generate NILs were selfed for two generations after the original genotyping and were homozygous for the 
originally heterozygous (purple color) segments on chromosomes 1, 3, 6, and the lower segment on 
chromosome 8. The area of heterozygosity containing Bx13 is indicated with an white dot. (B) Genotype of 
near-isogenic lines with the B73 or the Oh43 genotype at the Bx13 locus. An asterisk (*) represents the 
approximate location of other benzoxazinoid biosynthesis genes on the short arm of chromosome 4 (Bx6 , 1.1 
Mbp; Bx3, 3.0 Mbp; Bx4/Bx5, 3.1 Mbp; Bx8, 3.2 Mbp; Bx1/Bx2, 3.3 Mbp; Bx7, 18.2 Mbp). 
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Supplemental Figure 7. Enzymatic activity of O-methyltransferases similar to BX7 towards TRIMBOA-Glc. 
The intensities of the specific LC-MS/MS transitions are shown. Assays were repeated at least three times. 
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Supplemental Figure 8. Enzymatic activity of O-methyltransferases similar to BX7 towards DIMBOA-Glc and 
DIM2BOA-Glc. Activity assays of purified enzymes incubated with (A) DIMBOA-Glc and (B) DIM2BOA-Glc and 
the co-factor S-adenosyl-L-methionine. The intensities of the specific LC-MS/MS transitions are shown. Assays 
were repeated at least three times. 

  



S u p p l e m e n t a l  M a t e r i a l  M a n u s c r i p t  I I I  

170 

 

 

 

Supplemental Figure 9. Nucleic acid alignment of Bx14-B73 and Bx14-Il14H. 

  



B i o s y n t h e s i s  o f  i n d u c e d  d e f e n s e  c o m p o u n d s  

 171 

 

 

 

Supplemental Figure 10. In vitro activity of Bx14-Il14H and the presence/absence of an 30 bp-in frame 
insertion in Bx14 within the NAM population. (A) Activity assays of purified recombinant enzymes incubated 
with the respective substrate and the co-substrate S-adenosyl-L-methionine. The relative intensities of the 
specific LC-MS/MS transitions are shown. (B) Genomic structure of Bx14-B73 and Bx14-Il14H with an 30 bp-
in frame insertion in the Il14H allele. (C) Presence/absence of the 30 bp in-frame insertion within the NAM line 
population. Lines are sorted according to HDM2BOA-Glc concentrations in leaves from high to low abundance.  

  



S u p p l e m e n t a l  M a t e r i a l  M a n u s c r i p t  I I I  

172 

 

 

 

Supplemental Figure 11. Effect of BX13 on benzoxazinoid accumulation and hydrolysis. Accumulation and 
deglycosylation of constitutive (A-G)  and induced (I-N) benzoxazinoids 0-10 min after mechanical tissue 
disruption. Stars indicate significant differences between genotypes within time points (Holm-Sidak post-hoc 
tests, P < 0.05). Two-way repeated ANOVAs did not show any differences between genotypes apart from 
HDM2BOA-Glc and DIM2BOA-Glc (Supplemental table 6). n = 4.   
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Supplemental Figure 12. BX13 decreases aphid performance (2nd independent experiment). The number of 
nymphs per adult on the Bx13 mutant (Bx13NIL-Oh43) and its near-isogenic wild type line (Bx13NIL-B73) is 
shown (n = 36). The asterisk indicates a significant differences between genotypes (P < 0.01, Student’s t-test).  
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Supplemental Figure 13. Codon-optimized gene sequences of Bx6-CI31A and Bx7-CI31A for expression in 
Escherichia coli.  
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Supplemental Table 1. Concentrations of DIM2BOA-Glc in undamaged controls and Spodoptera exigua-
treated maize leaf samples.  
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Supplemental Table 2. Concentrations of HDM2BOA-Glc in undamaged controls and Spodoptera exigua-
treated maize leaf samples.  
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Supplemental Table 3. Estimates of the additive allelic effect under the hypotheses H1, with the additive 
allelic effect, a, distinguishable from zero and the dominance deviation equal to zero. Values are listed for the 
benzoxazinoid biosynthesis QTLs Bb1 – Bb3 obtained in the different mapping experiments described in the 
main text. In addition, broad-sense heritability values are given for B73 x Oh43 and B73 x Mo17 mapping 
populations. Heritability for the B73 x P39 population could not be estimated since we had not enough data to 
calculate environmental variation for this population. n.d., not determined. 
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Supplemental Table 4 . Primers for open reading frame amplification of investigated genes. 
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Supplemental Table 5. 1H- and 13C NMR data of TRIMBOA-Glc (700.45 MHz for 1H and 176.13 MHz for 13C, 
MeOH-d4) 
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Supplemental Table 6. P-values of two-way repeated measures analyses of variance (ANOVA) to test for 
genotype and genotype*time effects in the BX13 NILs in the experiment shown in Supplementary Figure 11.  
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Supplemental Table 7. qRT-PCR Primers used to determine expression levels of Bx7, Bx13, and Bx14 and 
primers for the detection of SNP markers. 
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Supplemental Table 8. Annotation of benzoxazinoid derivatives by tR and their fragmentation patterns. 
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Supplemental Table 9. LC-MS/MS settings used for the analysis of benzoxazinoids.  
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Supplemental Table 10. List of RILs used for mapping in this study. 
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