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1. Introduction 

 

1.1 Plant defenses against insect herbivores  

In their natural environment plants are exposed to a multitude of biotic challenges, 

inflicted by a diverse community of competitors, herbivores, pathogens, and other enemies.  

In response to herbivorous insects, plants have evolved a large variety of defense mechanisms 

(Stotz et al., 1999; Walling, 2000; Van Poecke, 2007; Howe & Jander, 2008).  Plant defenses 

against insect herbivores may be constitutively present or are first induced upon attack.  They 

can affect insect herbivory by influencing herbivore settling, feeding or oviposition.  

Furthermore, defenses often alter the physiology of insects and impede insect growth, 

development or reproduction.   

Morphological structures such as trichomes and epicuticular waxes constitute an early 

barrier to ward off herbivores, contributing to plant fitness by preventing feeding damage 

(Eigenbrode & Espelie, 1995; Mauricio, 1998; Handley et al., 2005).  Plants also utilize 

biochemical defenses.  Major known chemical defenses comprise anti-digestive or -nutritional 

proteins.  The latter constitute a quite diversified class of proteins, including proteases, lectins, 

amino acid deaminases, oxidases, and inhibitors of insect digestive enzymes (Chen, 2008).  

Furthermore, plants have evolved an immense variety of so-called secondary compounds.  

These plant secondary metabolites have diverse ecological functions.  For example, they can 

serve as signal compounds to attract pollinating or seed-dispersing animals.  More often, these 

compounds are important for plant defense.  In many cases plant secondary metabolites are 

part of activated defense systems.  These systems consist of metabolic precursor compounds 

and activators, usually enzymes.  Both components, secondary metabolite and activator, can 

be stored in the plant tissue without a detrimental effect on the plant itself.  Defense activation 

is initiated upon damage of plant tissue, bringing both components into contact with one 

another.  The precursor is then metabolized to give rise to deterrent or toxic effector 

molecules.  Activation in intact tissue is typically avoided by storing precursors and activators 

in different cell compartments or in different cell types.  Morphological barriers and activated 

defenses are typical examples of defenses that are constitutively present, irrespective of 

herbivore presence. 

Other defenses, however, are inducible upon herbivory.  Plant damage inflicted by 

insects may involve transcriptional changes of a large and diverse set of genes, ultimately 

leading to the expression of plant defense compounds.  Typically, there is a time delay of 
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several hours or even days between herbivory and deployment of defenses.  Induction may 

also affect the expression of genes that are involved in the formation of constitutive traits.  For 

example, trichome density can increase upon attack (Traw & Dawson, 2002).  Likewise, 

nicotine levels in tobacco may increase as a result of insect herbivory (Baldwin, 1999).  

Inducible defenses are, in general, more pest-specific than constitutive defenses, and involve 

three conceptual stages: initial pest recognition, signal transduction and production of 

defensive compounds (Van Poecke & Dicke, 2004). 

While some induced plant responses have a direct impact on insects, other defenses 

affect herbivores indirectly.  Indirect defenses involve the attraction of the attacker’s enemies, 

e.g. predators or parasitoids, which utilize and attack the herbivores for their own purposes, 

thereby reducing feeding damage on the host plant.  Plant volatile emission and reward in 

form of nutrition play a major role in indirect plant defenses (Dicke, 1999; Van Poecke & 

Dicke, 2004).   

These different defenses may contribute to plant resistance against a broad spectrum of 

herbivores and other enemies.  However, the extent to which insects respond to specific 

defenses and how they respond may vary, dependent on the type of plant-insect interaction in 

question.  Some insects are polyphagous, having a broad range of host plants.  These 

‘generalists’ have to cope with the disparate defensive mechanisms of many different plant 

species.  Other insects are oligo- or even monophagus.  These ‘specialists’ utilize only a small 

group of plant species as their hosts.  Therefore, they have to overcome family or species-

specific defenses and they have often evolved counteradaptations to cope with deterrent or 

toxic compounds produced by their host plants.  Some specialist insects are even able to 

exploit host plant defenses for there own purposes, e.g. as oviposition cues or by sequestering 

plant defense compounds to ward off predators. 

Hence, plant defenses against insect herbivores are diverse and complex.  Model 

species, in particular species which are genetically tractable, are necessary for a thorough 

understanding of plant-insect interactions at the molecular level. 

 

1.2 Arabidopsis as a model species for studying plant-insect interactions 

Arabidopsis thaliana is an annual weed in the crucifer family (Brassicaceae).  This 

species is native to Europe and central Asia and has become naturalized in many agricultural 

and disturbed habitats worldwide.  A. thaliana is widely used as one of the model organisms 

in plant science.  Its small size, usually 20-25 cm tall, and a relatively short life cycle of 2-3 
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months, combined with its simple requirements for growth conditions are some of the 

advantageous traits of this species.  The flowers are naturally self-pollinating, but individuals 

can also be crossed for laboratory purposes.  Therefore most plants collected in nature are 

practically homozygous (Koornneef et al., 2004).  A. thaliana is diploid and has a small 

genome of about 150 million base pairs, containing approximately 26.000 genes.  The entire 

genome sequence of the Arabidopsis accession1 Columbia has been published in 2000 

(Arabidopsis Genome Initiative, 2000).  Several other accessions have been re-sequenced 

with novel sequencing technologies (Clark et al., 2007; Zeller et al., 2008) and current efforts 

are directed towards sequencing close and more distant Arabidopsis relatives, including 

Arabidopsis lyrata and Capsella rubella (www.jgi.doe.gov). 

Molecular tools for Arabidopsis include whole-genome microarrays covering all genes 

known to be expressed in this species.  Transcript profiling offers the potential to reveal 

information about the plant’s transcriptome during development or in response to abiotic and 

biotic challenges, both in the laboratory and in nature.  Arabidopsis can be transformed easily 

with Agrobacterium or by other means, and huge collections of mutants including loss-of-

function and gain-of-function mutants are available from Arabidopsis stock centers2.  

Likewise, hundreds of Arabidopsis accessions have been sampled from the species’ natural 

range and provide an additional resource for functional and evolutionary studies. 

In their natural environment, Arabidopsis plants are attacked by various herbivores 

including flea beetles, aphids, leaf miners, weevils and lepidopteran larvae (Mauricio, 1998; 

Mitchell-Olds, 2001; Harvey et al., 2007; Arany et al., 2008).  Many of these herbivores feed 

also on agriculturally important Brassicas such as mustard, radish, cauliflower, cabbage and 

rapeseed.  Pest management and crop loss for Brassica species caused by insect herbivory are 

costly, and exceed $ 1 billion per year (Talekar & Shelton, 1993).  Because Brassica and 

Arabidopsis are closely related, results from Arabidopsis research may be applicable in 

breeding and can help improve crop resistance against herbivorous insects. 

 

                                                 
1 The term ‚accession’ refers to Arabidopsis seeds that have been sampled at a particular location.  For example, 
Je-0 is an accession that was collected in Jena and has been donated to the stock centers by Albert R. Kranz in 
1993. 
2 Major Arabidopsis stock centers are located in Nottingham (United Kingdom), Columbus (Ohio), and 
Yokohama (Japan).   
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1.3 Natural genetic variation in Arabidopsis  

Comparative studies among different Arabidopsis accessions have revealed natural 

genetic variation for a multitude of traits.  Examples include developmental traits such as 

plant size and flowering time (Koornneef et al., 1998; Alonso-Blanco et al., 1999), primary 

and secondary metabolism (Kliebenstein et al., 2001a; Meyer et al., 2007; Lisec et al., 2008), 

biotic and abiotic stress resistance (Wilson et al., 2001; Kobayashi & Koyama, 2002; 

Kroymann et al., 2003) and molecular genetic mechanisms such as cytosine methylation 

(Riddle & Richards, 2002).  This natural genetic variation has become an important resource 

for functional and evolutionary analyses (Koornneef et al., 2004), and complements 

conventional forward or reverse genetic approaches to identify genotype – phenotype 

relationships.   

Complex traits such as plant resistance against herbivorous insects are controlled by 

the contribution of several or many genes in a quantitative manner (Kroymann & Mitchell-

Olds, 2005).  The genetic loci that contribute to these quantitative traits are referred to as 

quantitative trait loci (QTL).  Recombinant inbred lines (RILs) have become an important tool 

in analyzing the genetic basis of quantitative traits.  The generation of Arabidopsis RILs is 

initiated by a cross between two genetically distinct accessions, yielding a heterozygous F1.  

Subsequent generations are obtained by repeated selfing.  In these generations, parental 

genomes are mixed randomly by recombination.  Furthermore, the level of heterozygosity 

declines on average by 50% in every subsequent generation, and drops to less than 1% in F8 

progeny.  Individual lines from the F8 generation are then genotyped with a set of genetic 

markers which exploit genetic polymorphisms between parental lines.  RILs in the F8 can be 

considered immortal because their genome composition remains (nearly) unchanged in 

subsequent generations when these are propagated by selfing.  Therefore, genotyping is 

required only once while multiple traits can be analyzed in independent experiments.  Typical 

RIL populations consist of more than 100 individual lines genotyped with 50 – 100 or more 

genetic markers.  Meanwhile, more than 20 Arabidopsis RIL populations are available (Lister 

& Dean, 1993; Alonso-Blanco et al., 1998; Loudet et al., 2002; O’Neill et al., 2008), 

facilitating the mapping of QTL underlying many different complex traits (reviewed in 

Koornneef et al., 2004).   
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1.4 The glucosinolate-myrosinase system 

The glucosinolate-myrosinase system is an activated defense system in the Brassicales 

(Rodman, 1991a; Rodman, 1991b).  In this system, glucosinolates (mustard oil glycosides) 

serve as precursors, and myrosinases, enzymes with β-thioglucohydrolase activity, act as 

activators.  In intact plant tissue, glucosinolates and myrosinases are stored in different cell 

types (Koroleva et al., 2000; Andreasson et al., 2001, Thangstad et al., 2004; Shroff et al., 

2008).  But upon tissue disruption, glucosinolates and myrosinase mix and myrosinase-

catalyzed glucosinolate hydrolysis results in the formation of biologically active effector 

molecules, including isothiocyanates, nitriles, epithionitriles, thiocyanates, and others. 

Glucosinolates are derived from a variety of amino acids but possess a common core 

structure, consisting of a sulfonated oxime and a β-thioglucose moiety.  Depending on the 

precursor amino acid they can be classified as aliphatic, indole or aromatic glucosinolates.  

Aliphatic glucosinolates are derived from methionine, alanine, valine or leucine, indole 

glucosinolates have tryptophan as a precursor, and aromatic glucosinolates are synthesized 

from phenylalanine or tyrosine.  Glucosinolate biosynthesis comprises two or three stages, 

elongation of the amino acid carbon chain, formation of glucosinolate core structure, and 

modification of the amino acid side chains (Figure 1).  Glucosinolate carbon chain extension 

has been demonstrated for methionine (Chisholm & Wetter, 1964; Matsuo & Yamazaki, 

1964; Graser et al., 2000) but occurs presumably also with phenylalanine (Underhill, 1968). 

More than 120 different glucosinolates have been identified in the Brassicales 

(Daxenbichler et al., 1991; Fahey et al., 2001).  A. thaliana synthesizes nearly 40 different 

glucosinolates but accessions vary extensively in glucosinolate composition and quantity 

(Kliebenstein et al., 2001a; Reichelt et al., 2002). 

 

1.4.1 Aliphatic glucosinolates in Arabidopsis 

In A. thaliana, all aliphatic glucosinolates are derived from methionine, representing 

the most common and abundant class of glucosinolates in the vegetative tissue of this species 

(Kliebenstein et al., 2001a).  Biosynthesis of methionine-derived glucosinolates involves 

carbon chain elongation, generation of the glucosinolate core structure, and modifications of 

the carbon side chain. 

Methylthioalkylmalate synthases encoded at the MAM locus catalyze the committed 

step in methionine carbon chain elongation.  These enzymes carry out a condensation reaction 
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between a 2-oxo acid and acetyl-CoA.  This 2-oxo acid originates from the transamination of 

methionine, catalyzed by members of a family of branched-chain amino acid transferases, 

BCATs (Schuster et al., 2006; Binder et al., 2007; Knill et al., 2008).  Two further reactions, 

an isomerization and an oxidative decarboxylation, lead to the generation of a novel 2-oxo 

acid with a carbon chain extended by one methylene group.  This chain-elongated reaction 

product can either be transaminated by BCATs to yield a methionine homolog which is 

utilized for glucosinolate core structure generation, or can re-enter the chain elongation 

pathway to undergo additional cycles of carbon chain extension.  QTL mapping studies have 

revealed that the MAM is the major determinant for the length of the side chain of methionine-

derived glucosinolates (Kroymann et al., 2001, Kroymann et al., 2003).  In Arabidopsis, MAM 

gene composition is highly variable among accessions (Kroymann et al., 2003), and different 

MAM synthases differ in their substrate specificities (Benderoth et al., 2006; Textor et al., 

2007), thereby explaining differences in the side chain lengths of aliphatic glucosinolates in A. 

thaliana (Figure 1). 

The biosynthesis steps of the core structure control the formation of intermediates 

common to all glucosinolates (for a recent overview, see: Halkier & Gershenzon, 2006).  

Most of the enzymes involved in the formation of the glucosinolate core structure have been 

identified.  The first two reactions are catalyzed by amino acid specific cytochrome P450 

monooxygenases (CYPs), belonging to the CYP79 and CYP83 families, respectively.  

CYP79F1 and CYP79F2 convert chain elongated methionine derivatives into aldoximes 

(Hansen et al., 2001; Chen et al., 2003), while CYP83A1 and, to a lesser extent, CYP83B1 are 

responsible for the formation of S-alkyl thiohydroximates (Bak & Feyereisen, 2001; Naur et 

al., 2003).  Subsequently, a C-S lyase catalyzes the conversion of S-alkyl thiohydroximates to 

thiohydroximates (Mikkelsen et al., 2004) which are then transformed into 

desulfoglucosinolates by an S-glucosyltransferase (Grubb et al., 2004).  The final reaction that 

completes the glucosinolate core structure is catalyzed by desulfoglucosinolate-specific 

sulfotransferases (Piotrowski et al., 2004) which accept a broad range of different 

desulfoglucosinolates as substrates (Figure 1).   

Finally, several genetic loci are involved in the modification of aliphatic glucosinolate 

side chain.  The GSL-AOP locus encodes 2-oxo-acid-dependent dioxygenases which control 

the accumulation of either alkenyl or hydroxyalkenyl glucosinolates (Kliebenstein et al., 

2001b).  GSL-OX is responsible for the oxygenation of methylthioalkyl glucosinolate, and a 

crucifer specific family of flavin-monooxgenases has been proposed to carry out these 

reactions (Hansen et al., 2007).  GSL-OH is another polymorphic locus responsible for 
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oxidative reactions on specific elongated side chains (Magrath et al., 1994; Kliebenstein et al., 

2001a).  Together, MAM, GSL-AOP, GSL-OH and GSL-OX, explain most of the structural 

variability in methionine-derived glucosinolates (Kliebenstein et al., 2001a; Kliebenstein et 

al., 2001b; Kroymann et al., 2003; Kliebenstein et al., 2005). 

 

Figure 1.  Biosynthesis of aliphatic and indole glucosinolates in Arabidopsis thaliana.  Shown are amino acid 

precursors, reaction intermediates, and enzymes or genetic loci involved in glucosinolate biosynthesis.  

 

1.4.2 Indole glucosinolates in Arabidopsis 

Another class of glucosinolates is derived from tryptophan.  These indole 

glucosinolates can accumulate to high concentrations in leaves and seeds (Kliebenstein et al., 

2001a; Brown et al., 2003), and recent data suggest that specific indole glucosinolates may be 

important in the interaction between Arabidopsis and aphids (Kim & Jander, 2007).  
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Tryptophan is directly converted into the core glucosinolate structure without prior carbon 

chain elongation.  As mentioned above, the intermediates of the core biosynthesis are 

common to all glucosinolate classes.  However, in several cases indole glucosinolate-specific 

enzymes catalyze reactions equivalent to those in aliphatic glucosinolate biosynthesis.  For 

example, the conversion of tryptophan to the aldoxime is catalyzed by CYP79B2 and 

CYP79B3 (Hull et al., 2000; Mikkelsen et al., 2000) and not by members of the CYP79F 

subfamily.  The aldoxime-metabolizing enzymes are the same in aliphatic glucosinolate 

biosynthesis, CYP83A1 and CYP83B1, with CYP83B1 having a preference for indole 

substrates (Bak & Feyereisen, 2001; Naur et al., 2003).  Likewise, C-S lyase, S-

glucosyltransferase and desulfoglucosinolate-sulfotransferases function in both aliphatic and 

indole glucosinolate biosynthesis, although preliminary evidence suggests that further S-

glucosyltransferases may be able to catalyze the conversion of thiohydroximates to 

desulfoglucosinolates (Grubb et al., 2004; Mikkelsen et al., 2004; Piotrowski et al., 2004). 

The first intermediate in the core biosynthesis of indole glucosinolates, indole-3-

acetaldoxime, has attracted particular attention because it serves as a precursor for other 

indolic metabolites, including the plant hormone indole-3-acetic acid (IAA) and indole 

alkaloids (Hull et al., 2000; Zhao et al., 2002; Glawischnig et al., 2004).  Camalexin is the 

main indole alkaloid found in A. thaliana and has been shown to function as a phytoalexin in 

plant defense.  Its accumulation is induced by a variety of microorganisms and contributes to 

resistance against fungal pathogens (Zhou et al., 1999; Glawischnig et al., 2004). 

Similar to aliphatic glucosinolates, the initially formed glucosinolate can be subject to 

different types of modifications.  These modifications occur at the indole ring by the insertion 

of hydroxy or methoxy groups (Figure 1).  However, as yet neither enzymes nor genes 

responsible for these modification reactions have been identified.   

 

1.5 The impact of the glucosinolate-myrosinase system on insect herbivores 

The biological activities of glucosinolates as part of an activated defense system are, to 

a large extent, conferred by their hydrolysis products (Kliebenstein et al., 2005; Kliebenstein, 

2008).  The types of hydrolysis products which are formed during myrosinase-catalyzed 

glucosinolate hydrolysis depend on several factors.  The precursor amino acid determines the 

general structure of the glucosinolate side chain.  Carbon chain elongation in aliphatic 

glucosinolate biosynthesis, and side chain modification of both aliphatic and indole 

glucosinolates add to glucosinolate variability.  Finally, formation of hydrolysis products 
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depends on the presence of various myrosinase-associated or -binding proteins.  For example, 

plants with a functional epithiospecifier protein (ESP) produce primarily nitriles and 

epithionitriles, whereas plants impaired in the expression of this gene form primarily 

isothiocyanates (Lambrix et al., 2001).  The epithiospecifier modifier protein (ESM1) favors 

the production of isothiocyanates (Zhang et al., 2006).  Furthermore, a thiocyanate-forming 

protein was recently identified in Lepidium sativum (Burow et al., 2007). 

Several field studies and laboratory tests have found the feeding behaviour of insect 

herbivores to be influenced by glucosinolate quantities and profiles.  Plant damage and leaf 

glucosinolate concentration are typically negatively correlated for generalists such as 

Spodoptera eridania, Spodoptera exigua and Trichoplusia ni (Li et al., 2000; Kliebenstein et 

al., 2002; Kroymann et al., 2003; Kliebenstein et al., 2005; Arany et al., 2008).  Many QTL 

for the glucosinolate-myrosinase system co-localize with QTL for resistance against 

generalist herbivores (Kliebenstein et al., 2002; Kroymann et al., 2003).  Furthermore, studies 

with mutants impaired in glucosinolate biosynthesis or myrosinase activity revealed that these 

mutants sustained higher damage by generalist herbivores than mutants.  For example, 

Beekwilder et al. (2008) generated a double mutant defective in the transcription factors 

MYB28 and MYB29 which are involved in the regulation of glucosinolate biosynthesis 

genes.  This double mutant was devoid of aliphatic glucosinolates and suffered significantly 

more damage by Mamestra brassicae in comparison to wildtype plants.  Likewise, a double 

mutant with lesions in the major Arabidopsis myrosinase genes, TGG1 and TGG2, was 

particularly susceptible to T. ni and Manduca sexta (Barth & Jander, 2006).  Several other 

studies have focused on variation in glucosinolate hydrolysis products and their effects on 

herbivores species.  For example, isothiocyanates provided better resistance to T. ni and 

Spodoptera littoralis than nitriles (Lambrix et al., 2001; Burow et al., 2006; Zhang et al., 

2006). 

In contrast to generalist insect herbivores, glucosinolate concentration has been found 

to be positively correlated with herbivory of the specialist insect Plutella xylostella 

(Giamoustaris & Mithen, 1995; Kliebenstein et al., 2005).  Likewise, high glucosinolate 

concentrations did not deter the specialist insect Pieris brassicae (Smallegange et al., 2007).  

In addition, volatile glucosinolate hydrolysis products mediate host recognition by specialist 

insect herbivores and have been found to stimulate oviposition by P. xylostella (Pivnick et al., 

1994; Renwick et al., 2006).  Nonetheless, laboratory experiments have shown that high 

concentrations of isothiocyanates are toxic to generalists as well as specialists (Li et al., 2000; 

Agrawal & Kurashige, 2003).  However, crucifer specialist herbivores possess 
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counteradaptions that render the glucosinolate-myrosinase system ineffective.  P. xylostella 

larvae express a glucosinolate sulfatase in their gut that removes the sulphate moiety from 

glucosinolates, thereby generating desulfoglucosinolates which cannot be hydrolyzed by 

myrosinase (Ratzka et al., 2002).  A different counteradaptation was identified in P. rapae 

(Wittstock et al., 2004).  Larvae express a nitrile-specifier protein (NSP) that promotes the 

production of nitriles instead of highly toxic isothiocyanates upon herbivory on crucifer 

plants.  Therefore, interactions between Arabidopsis and crucifer specialists are exceptionally 

complex, and the genetic basis for defense against these specialists is largely unknown. 

 

1.6 Study objectives 

The objective of this thesis is to study plant defenses against different insect herbivores in the 

well established model species Arabidopsis thaliana.   

1. The glucosinolate-myrosinase system protects cruciferous plants effectively against most 

herbivorous insects.  Crucifer specialists, however, possess counteradaptations that render this 

activated defense system ineffective.  Do cruciferous plants defend themselves against 

crucifer specialists? What is the genetic basis for resistance against specialist herbivores? 

2. Herbivory by crucifer specialist insects leads to massive changes in the plant transcriptome.  

Does differential gene regulation contribute to plant fitness against these herbivores? 

3. The glucosinolate-myrosinase system displays an enormous amount of qualitative and 

quantitative variation within and between species.  Many genetic loci have been identified 

that determine variation in aliphatic glucosinolates.  In contrast, little is known about the 

genes and enzymes which are responsible for variation in indole glucosinolates.  Which genes 

control modifications of tryptophan-derived glucosinolates? What is their function? Which 

role do they play in plant-insect interactions? 
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Mapping of QTL for Resistance against the Crucifer
Specialist Herbivore Pieris brassicae in a New
Arabidopsis Inbred Line Population, Da(1)-126Ei-2
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Background. In Arabidopsis thaliana and other crucifers, the glucosinolate-myrosinase system contributes to resistance
against herbivory by generalist insects. As yet, it is unclear how crucifers defend themselves against crucifer-specialist insect
herbivores. Methodology/Principal Findings. We analyzed natural variation for resistance against two crucifer specialist
lepidopteran herbivores, Pieris brassicae and Plutella xylostella, among Arabidopsis thaliana accessions and in a new
Arabidopsis recombinant inbred line (RIL) population generated from the parental accessions Da(1)-12 and Ei-2. This RIL
population consists of 201 individual F8 lines genotyped with 84 PCR-based markers. We identified six QTL for resistance
against Pieris herbivory, but found only one weak QTL for Plutella resistance. To elucidate potential factors causing these
resistance QTL, we investigated leaf hair (trichome) density, glucosinolates and myrosinase activity, traits known to influence
herbivory by generalist insects. We identified several previously unknown QTL for these traits, some of which display a complex
pattern of epistatic interactions. Conclusions/Significance. Although some trichome, glucosinolate or myrosinase QTL co-
localize with Pieris QTL, none of these traits explained the resistance QTL convincingly, indicating that resistance against
specialist insect herbivores is influenced by other traits than resistance against generalists.

Citation: Pfalz M, Vogel H, Mitchell-Olds T, Kroymann J (2007) Mapping of QTL for Resistance against the Crucifer Specialist Herbivore Pieris brassicae
in a New Arabidopsis Inbred Line Population, Da(1)-126Ei-2. PLoS ONE 2(6): e578. doi:10.1371/journal.pone.0000578

INTRODUCTION
Arabidopsis thaliana recombinant inbred lines (RILs) have been

widely used for mapping of quantitative trait loci (QTL) (reviewed

in [1]). Taking advantage of RILs derived from crosses between

the accessions Columbia (Col) and Landsberg erecta (Ler) [2], and

between Ler and Cape Verdi Islands (Cvi) [3], several insect

resistance QTL have been mapped and, subsequently, several

were cloned and characterized [4–8]. In most cases, these studies

involved lepidopteran species with a broad host range (generalists)

such as Spodoptera exigua or Trichoplusia ni, and found that generalist

insects were sensitive towards glucosinolate-based defenses.

Glucosinolates (b-thioglucoside–N-hydroxysulfates) are amino

acid-derived secondary plant metabolites that can be hydrolyzed

by myrosinases, enzymes with b-thioglucoside glucohydrolase

activity [9–11]. In Arabidopsis thaliana, three major classes of

glucosinolates are known: aliphatic glucosinolates derived from

chain-extended methionine homologues, indole glucosinolates

derived from tryptophan, and benzyl glucosinolates originating

from a phenylalanine precursor [12]. Two major loci, AOP [13,14]

and MAM [7,15–17], and several minor loci [18] control composi-

tion and quantity of aliphatic glucosinolates. Methylthioalkylm-

alate synthases encoded at the MAM locus determine the side

chain length of the methionine-derived precursors, while 2-

oxoglutarate-dependent dioxygenases encoded at AOP modify

the side chain structure. In intact plant tissue, glucosinolates and

myrosinases are localized in separate cell types [19–22]. Upon

tissue disruption, myrosinase-catalyzed glucosinolate hydrolysis

results in the formation of bioactive products, including isothio-

cyanates, nitriles, thiocyanates and others [23]. The types of

breakdown products formed depend on the glucosinolate struc-

ture, as well as on myrosinase-associated or –binding proteins that

can direct the formation of breakdown products towards nitriles or

isothiocyanates [5,8]. Typically, plant damage caused by generalist

insect herbivores is negatively correlated with increasing glucosi-

nolate concentration or myrosinase activity, and resistance QTL

co-localize with glucosinolate biosynthesis or hydrolysis QTL,

providing evidence for a major role of the glucosinolate-

myrosinase system in the defense of cruciferous plants against

generalist insect herbivores [5–9,24].

Entirely unclear, however, is how cruciferous plants defend

themselves against specialist insect herbivores. Several counter-

adaptations have been identified in crucifer specialist lepidopterans

that render the glucosinolate-myrosinase system ineffective. Plutella

xylostella (diamondback moth) larvae express a glucosinolate sulfatase

in their gut that removes the sulfate moiety from glucosinolates,

thereby preventing myrosinase-catalyzed hydrolysis and formation

of toxic breakdown products [25]. Pieris rapae (cabbage white

butterfly) possesses a nitrile-specifier protein (NSP) that redirects

glucosinolate hydrolysis towards the formation of nitriles instead of

highly toxic isothiocyanates when plant tissue is ingested by Pieris

larvae [26]. Nonetheless, Arabidopsis accessions vary for resistance

against specialist insect herbivores. In this paper, we analyze

quantitative genetic variation for resistance against two crucifer

specialist lepidopteran herbivores, Pieris brassicae and Plutella xylostella,
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among Arabidopsis accessions and in a new Arabidopsis recombi-

nant inbred line, Da(1)-126Ei-2, and we investigate whether

variation in glucosinolate profiles, myrosinase activity or trichomes

contributes to variation in resistance.

RESULTS

Natural Variation for Resistance against Crucifer

Specialist Insect Herbivores among Arabidopsis

Accessions
We analyzed 16 Arabidopsis accessions for natural variation in

resistance against two crucifer specialist insects, Pieris brassicae and

Plutella xylostella. We found substantial variation for resistance against

P. brassicae (F = 20.31, df = 15, N = 973, P,0.00001), with Col-0 being

the most resistant and Tsu-0 the most susceptible accession

(Figure 1). Variation for resistance against P. xylostella was less

pronounced, but nonetheless statistically significant (F = 2.38,

df = 15, N = 912, P,0.005). Resistance to P. brassicae and P. xylostella

was positively correlated (r = 0.55, df = 14, P,0.05), suggesting that

some determinants of plant resistance affect both specialists similarly.

We also analyzed natural genetic variation for trichome density,

glucosinolate content and myrosinase activity, traits known to

influence resistance against generalist insect herbivores. As

expected, these traits varied among Arabidopsis accessions

(Figure 1). However, no single trait alone could explain the

observed variation in resistance to P. xylostella or P. brassicae among

Arabidopsis accessions. We therefore chose to analyze quantitative

variation for resistance and defense-related traits in a new

Arabidopsis recombinant inbred line population, derived from

a cross between the parental accessions Da(1)-12 and Ei-2 [5].

Although these lines did not represent the extreme phenotypes in

the distribution of resistance against P. brassicae, they provided

a variety of advantages regarding the composition of alleles at

glucosinolate biosynthesis and hydrolysis loci compared to

‘standard’ mapping populations such as Col6Ler (2) or Ler6Cvi

[3]. Leaves of Da(1)-12 and Ei-2 synthesize aliphatic and indole

glucosinolates. Both lines accumulate similar quantities of

glucosinolates in their leaf tissue (Figure 1). Furthermore, in

both lines the predominant aliphatic glucosinolates are derived

from a homo-methionine precursor, indicating the presence of an

intact MAM2 gene and the absence of a functional MAM1 gene in

the MAM gene cluster [7,27]. However, Da(1)-12 and Ei-2 differ in

their alleles at the AOP locus [14]. Da(1)-12 possesses an OHP

allele at AOP, while Ei-2 carries an ALK allele. Therefore, Da(1)-12

produces mainly 3-hydroxypropyl and 3-methylsulfinyl glucosino-

lates, and Ei-2 accumulates allyl glucosinolate. Finally, during

glucosinolate hydrolysis, Da(1)-12 produces isothiocyanates where-

as Ei-2 generates predominantly nitriles [5]. This combination of

alleles at glucosinolate biosynthesis and hydrolysis loci helps

reduce complexity in the investigation of potential impact of the

glucosinolate-myrosinase system [9] on herbivory. It avoids

epistatic interactions between known major biosynthesis loci,

AOP and MAM, [12] while allowing analysis of potential effects of

interactions between glucosinolate biosynthesis and hydrolysis loci

on crucifer specialists. In addition, growth rates of both Da(1)-12

and Ei-2 were nearly identical (Figure 1), improving the accuracy

of estimating the quantity of tissue removal during herbivory.

RIL Genotyping
F9 progeny from 201 Da(1)-126Ei-2 RILs was genotyped with 84

markers. Out of a total of 16,884 PCRs, only 126 failed or yielded

ambiguous results. Residual heterozygosity was low, although the

observed value of ca. 1.2% was larger than 0.4% which is expected

for F9 progeny obtained by repeated selfing, possibly indicating

some heterozygote advantage. Also, a significant deviation from

expected 1:1 genotype frequencies was observed for a large

segment of chromosome 1, comprising markers C1P12 to B12

(Figure 2), with the most significant excess of the Da(1)-12

genotype at marker F1K23_2 (x2 = 37.05, df = 1, P,0.001). Such

distortion has also been observed for other RIL populations [2,3],

and may have been caused by unintentional selection during RIL

generation. Nonetheless, the order of all genetic markers in the

Da(1)-126Ei-2 RILs was compatible with their physical position in

the Col-0 sequence.

Figure 1. Natural variation among 16 Arabidopsis accessions for insect resistance, growth and defense-related traits. Accessions are ranked
according to increasing susceptibility to herbivory by Pieris brassicae larvae. Shown are least squares means and standard errors (vertical bars) for
Pieris brassicae herbivory, Plutella xylostella herbivory, plant diameter, leaf upper-side trichomes, myrosinase activity, aliphatic and indole
glucosinolates. Values for Da(1)-12 are set as 100.
doi:10.1371/journal.pone.0000578.g001
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QTL for Resistance against Crucifer Specialist Insect

Herbivores
We identified six QTL for resistance against P. brassicae herbivory,

each two on chromosomes 1 and 5, and each one on chromosomes

2 and 4 (Figure 3). At all QTL, the Da(1)-12 genotype confers

higher resistance to P. brassicae, and each Da(1)-12 allele increases

resistance by 10–20%, consistent with higher resistance in the

Da(1)-12 parental line (Figure 1). Together, these QTL explain

nearly half of the phenotypic variance in our experiments

(R2 = 48.4%). In contrast, we did not find any QTL for resistance

against P. xylostella herbivory with composite interval mapping

(CIM), while Bayesian interval mapping (BIM) indicated the

presence of one weak QTL, located at the same position as the

Pieris herbivory QTL on chromosome 2 (Figure 3).

We tested for epistasis between major herbivory QTL but

detected a significant interaction only between markers C1P12 and

MSAT1.1 (F = 6.01, df = 1, N = 180, P,0.05) which correspond to

the two QTL on chromosome 1. Here, a Da(1)-12 allele at

MSAT1.1 reduces plant damage by ca. 18% when plants carry the

Da(1)-12 allele at C1P12, but only by ca. 4% when the allele at

C1P12 is Ei-2. Vice versa, a Da(1)-12 allele at C1P12 reduces

damage by ca. 20% in plants with a Da(1)-12 allele at MSAT1.1

but only by ca. 5% in plants with an Ei-2 allele at MSAT1.1.

Confirmation of a Pieris Resistance QTL with

a Heterogeneous Inbred Family Strategy
We used a heterogeneous inbred family (HIF) strategy [28] to

confirm the Pieris resistance QTL near marker C1P12. This

strategy utilizes residual heterozygosity in a RIL population, and

compares the phenotypes of genotyped progeny from a line

heterozygous at a QTL candidate marker. HIF allows the rapid

generation of a plant family homozygous for the majority of the

genome but segregating at the candidate QTL.

We chose RIL DE196 which was heterozygous at both Pieris

QTL on chromosome 1 (Table S1). From progeny of this line, we

selected plants that carried either only Da(1)-12 or only Ei-2 alleles

at marker MSAT1.1, but segregated at C1P12. Our statistical

model accounted for plant size, flat and position effects. As

expected, plants with a Da(1)-12 allele at C1P12 experienced

significantly less damage in P. brassicae herbivory screens than

plants with an Ei-2 allele at this locus when MSAT1.1 was

homozygous Da(1)-12 (F = 18.70; df = 1; N = 130, P,0.05) but not

Figure 2. Genetic map of Da(1)-126Ei-2 recombinant inbred lines. Shown are markers and genetic distances between adjacent markers along the
chromosomes. Triangles indicate the approximate location of centromeres. The white bar for chromosome 1 indicates a region with marker
distortion. Grey bars indicate 2-LOD support intervals for Pieris resistance QTL. Known genes involved in glucosinolate biosynthesis, hydrolysis, and
gene regulation are shown below chromosomes; explanations, AGI numbers and references are given in Table S2.
doi:10.1371/journal.pone.0000578.g002
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Figure 3. QTL for insect resistance and defense-related traits in Da(1)-126Ei-2 recombinant inbred lines. A. QTL for resistance against Pieris
brassicae, obtained with composite interval mapping (CIM). The horizontal red line indicates the significance threshold for this trait. B. Bayesian
interval mapping (BIM) detects the same QTL as CIM. Horizontal red lines indicate high density probability regions in BIM, vertical red lines high
density probability peaks. C. Additive effects in BIM, shown as a scatter plot with a smoothing spline fit (solid blue line) plus or minus two standard
errors (dashed blue lines). For all six QTL, Pieris larvae cause greater damage when plants carry the Ei-2 alleles at the QTL. Hence, the Da(1)-12 alleles
confer higher resistance. D. QTL for resistance against specialist lepidopterans, plant diameter, myrosinase activity, trichome density on the leaf upper
and under-sides and perimeter, and for glucosinolates. For glucosinolates, QTL for individual compounds and for sum variables are given.
Abbreviations are as follows: 3OHP = 3-hydroxypropyl; 3MSOP = 3-methylsulfinylpropyl; 4MSOB = 4-methylsulfinylbutyl; 7MSOH = 7-methylsulfinyl-
heptyl; 8MSOO = 8-methylsulfinyloctyl; 8MTO = 8-methylthiooctyl; I3M = indol-3-yl-methyl; 1MO-I3M = 1-methoxy-indol-3-yl-methyl; 4OH-I3M = 4-
hydroxy-indol-3-yl-methyl; 4MO-I3M = 4-methoxy-indol-3-yl-methyl. Total 3, 4, 7 and 8 are the sums of homomethionine-, di-homomethionine-,
penta-homomethionine-, and hexa-homomethionine-derived glucosinolates, respectively. Total MSO, MT, and alkenyls are the sums of aliphatic
glucosinolates with methylsulfinyl-, methylthio-, and alkenyl-groups, respectively. Total aliphatics and indoles are the sums of methionine- and
tryptophan-derived glucosinolates, respectively, and total GS is the sum of all glucosinolates. Colored arrows correspond to 2-LOD support intervals
for QTL identified with CIM, black arrows for high density probability regions in BIM, with vertical black bars showing the position of the high density
probability peaks. Arrow directions correspond to effect directions; arrows pointing left indicate that the Ei-2 allele has a stronger effect on a particular
trait. Arrow fill colors code for the relative effect strength of a QTL, arrow background colors for R2, the percentage of variance explained by a QTL.
Horizontal red lines connecting colored arrows indicate epistatic interactions between QTL.
doi:10.1371/journal.pone.0000578.g003
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when MSAT1.1 was homozygous Ei-2 (F = 0.37; df = 2, N = 176,

n.s.).

QTL for Trichome Density
Leaf hairs, or trichomes, can contribute to plant defense against

herbivorous insects in Arabidopsis [29,30] and related plant

species [31]. Therefore, we mapped QTL for trichome numbers

on the leaf upper and under-side surfaces and the leaf perimeter

(Figure 3). We identified three QTL controlling trichome density

on the leaf upper sides, one on chromosome 3 and two with

opposing effect on chromosome 4. These QTL may correspond to

trichome QTL that have been mapped in several other

Arabidopsis recombinant inbred lines [32]. For trichomes on the

leaf perimeter, we identified only one QTL on chromosome 2.

This QTL maps to approximately the same position as a major

trichome QTL previously identified in the Col6Ler RIL

population [33]. Two QTL with opposing effects control trichome

density on the leaf under-side, located on chromosomes 3 and 5,

with the one in the center of chromosome 3 sharing its position

with a QTL for trichome density on the leaf upper-side. Finally,

we found epistatic interactions for both upper- and under-side

trichomes. For trichome numbers on the leaf upper-side, we found

a significant interaction (F = 4.13, df = 1, N = 94, P,0.05) between

markers 3FM12, close to the QTL LOD peak on chromosome 3,

and MSAT4.18, which corresponds to the QTL near the center of

chromosome 4. Trichome numbers were highest when both

markers carried Ei-2 alleles and lowest when both markers had the

Da(1)-12 genotype. A Da(1)-12 allele at MSAT4.18 reduced

trichome numbers on the leaf upper-side by ca. 17% when the

allele at 3FM12 was Da(1)-12 but only by ca. 3.5% when 3FM12

had the Ei-2 allele. Likewise, the two QTL for leaf under-side

trichomes interacted epistatically (F = 5.49, df = 1, N = 92,

P,0.05). Here, trichome numbers were highest when 3FM12

carried the Ei-2 allele and MIO24, on chromosome 5, had the

Da(1)-12 allele. Substitution of the Da(1)-12 allele at MIO24 with

an Ei-2 allele resulted in a reduction of trichome numbers by ca.

64%, substitution of the Ei-2 allele at 3FM12 in a reduction by ca.

87%. Finally, substitution of both alleles with the reciprocal

genotypes led to a reduction by ca. 96% such that trichomes were

rarely detected on the leaf under-side of RILs with a Da(1)-12

allele at 3FM12 and an Ei-2 allele at MIO24.

QTL for Myrosinase Activity
We have identified three QTL for myrosinase activity that

exceeded the significance threshold, one on chromosome 3, and

two on chromosome 5 (Figure 3). At the QTL near the top of

chromosome 3, the Ei-2 genotype confers higher myrosinase

activity, while at the other QTL the Da(1)-12 alleles are more

active. In a previous study, Mitchell-Olds and Pedersen [34] had

identified two different myrosinase QTL in the Col6Ler RIL

population, one on chromosome 1 and the other near the center

of chromosome 3. These QTL map to different locations than

the ones identified in the present work. However, two of the

known myrosinase genes in Arabidopsis thaliana, TGG1 and TGG2

[35,36], map close to the LOD peak of the first myrosinase

QTL on chromosome 5 (Figures 2, 3), and likely cause this

QTL. The third known myrosinase gene, TGG3, is a pseudogene

in all accessions investigated so far [37], and does not map

within the 2-LOD support interval of the second QTL on

chromosome 5, although it is located in its vicinity. Hence, two

of the QTL identified in Da(1)-126Ei-2 represent novel

myrosinase QTL.

QTL for Aliphatic Glucosinolates
Ei-2 leaves produce ca. 50 – 60% more total glucosinolates than

Da(1)-12 leaves, but this difference is small compared to the variation

present among A. thaliana accessions (Figure 1; [18]). Only few QTL

control total glucosinolate quantity, one on chromosome 1 and one

near the top of chromosome 4 (Figure 3), which very likely

corresponds to AOP (Figure 1; [14]). Total aliphatic glucosinolate

accumulation is influenced by three QTL; AOP, a QTL near the

bottom of chromosome 1, and a QTL near the top of chromosome

5. While a QTL for aliphatic glucosinolates near the top of

chromosome 5 has also been identified in the Ler6Cvi [12] and

Col6Ler RILs [6], the QTL near the bottom of chromosome 1 was

previously unknown. The AOP locus (or a closely linked gene) also

constitutes a QTL for nearly all individual aliphatic glucosinolates

except for the hexa-homomethionine-derived glucosinolates, 8-

methylsulfinyloctyl and 8-methylthiooctyl glucosinolate.

Because both parental lines lack a functional MAM1 gene, most

aliphatic glucosinolates are homomethionine-derived, with only

small quantities of di-homomethionine-derived glucosinolates

being detectable. However, the genetic architecture underlying

the biosynthesis of short chain aliphatic glucosinolates (i.e., homo-

and di-homomethionine derivatives) is nonetheless complex. The

side chain structure of homomethionine-derived glucosinolates is

modified by alleles at the AOP locus. RILs with the Da(1)-12 OHP

allele accumulate 3-hydroxypropyl and 3-methylsulfinylpropyl

glucosinolates, while lines with the Ei-2 ALK allele accumulate

allyl glucosinolates. Therefore, QTL effects for 3-hydroxypropyl

and 3-methylsulfinyl glucosinolates have the same direction, but

are opposite to the QTL effect for allyl glucosinolate (Figure 3).

The quantity of 3-methylsulfinylpropyl glucosinolate is also

influenced by a QTL on chromosome 5, and by an epistatic

interaction between this QTL and AOP. The QTL on chromo-

some 5 is located near marker nga139, in the vicinity of the MAM

genes (Figure 2). Among the RILs that harbor the Da(1)-12 allele

at AOP and are, thus, capable of producing 3-methylsulfinylpropyl

glucosinolate, those lines with a Da(1)-12 allele at nga139

accumulate two- to threefold more 3-methylsulfinylpropyl gluco-

sinolate than lines with an Ei-2 allele at this marker (Figure 4).

Likewise, allyl glucosinolate accumulation is not only de-

termined by AOP but also by two further QTL, on chromosome

3 (marker 3FM12) and near the top of chromosome 5 (marker

nga249), and by pairwise epistatic interactions between AOP and

these QTL (Figure 4). Allyl glucosinolates are only synthesized

when RILs harbor the Ei-2 allele at AOP, with a Da(1)-12 allele at

marker 3FM12 increasing and a Da(1)-12 allele at marker nga249

decreasing allyl glucosinolate accumulation. Since allyl glucosino-

lates account for the majority of alkenyl glucosinolates in Da(1)-

126Ei-2 leaves, total alkenyl glucosinolates follow the same

pattern of QTL and epistatic interactions.

Within the MAM gene cluster, MAM1 and/or MAM2 control

variation in short-chain aliphatic glucosinolate accumulation [7,27].

The third gene in this cluster, MAM-L, is essential for the production

of long chain glucosinolates, and a MAM-L knock-out abolished the

formation of long chain aliphatic glucosinolates [38]. With the

possible exception of 3-methylsulfinylpropyl glucosinolate, the MAM

locus has no detectable influence on glucosinolate profile variation in

Da(1)-126Ei-2 (Figure 3). Nonetheless, in other regions of the

genome we found several QTL for long chain aliphatic glucosino-

lates, i.e. for penta- and hexa-homomethionine-derived glucosino-

lates. Two QTL are located on chromosome 1, two on chromosome

4, and one is positioned near the bottom of chromosome 5. Hence,

these additional QTL control variation in the accumulation of long-

chain aliphatic glucosinolates in Da(1)-126Ei-2, even though the

MAM locus does not contribute to this variability.
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QTL for Indole Glucosinolates
We identified five QTL for total indole glucosinolate accumula-

tion, each one on chromosomes 1, 2 and 3, and two on

chromosome 4. The QTL near the top of chromosome 4 had

the strongest effect on indole glucosinolate accumulation. This

QTL co-localizes with the AOP locus, suggesting that AOP

influences not only aliphatic glucosinolates but also indole

glucosinolate accumulation, either directly by catalyzing a bio-

synthetic reaction step or indirectly via utilization of a pool of

metabolites that is shared in aliphatic and indole glucosinolate

biosynthesis. Alternately, a gene tightly linked to AOP could also

explain this indole glucosinolate QTL.

We also detected complex epistatic interactions between the QTL

for total indole glucosinolate accumulation. We found pairwise

epistatic interactions between the QTL on chromosome 3 (marker

MSAT3.19) and the QTL near the bottom of chromosome 2 (marker

C22), between MSAT3.19 and the QTL near the top on chromosome

4 (marker F4C21), and between MSAT3.19 and the QTL at the

center of chromosome 4 (marker T6G15), as well as a triple

interaction between C22, MSAT3.19 and F4C21 (Figure 3, Table 1).

The QTL pattern for indol-3-yl-methyl glucosinolate, the most

abundant indole glucosinolate in A. thaliana leaves [18], reflects

largely the QTL pattern for total indole glucosinolate accumula-

tion, except that the QTL for total indole glucosinolates on

chromosome 3 did not exceed the significance threshold for indol-

3-yl-methyl glucosinolate. Nonetheless, marker MSAT3.19 showed

the same pattern of epistatic interactions for indol-3-yl-methyl

glucosinolates as for total indole glucosinolates, when we included

it in our statistics models.

Da(1)-126Ei-2 leaves synthesize three further indole glucosino-

lates, 1-methoxy-indol-3-yl-methyl, 4-hydroxy-indol-3-yl-methyl

and 4-methoxy-indol-3-yl-methyl glucosinolate. 1-methoxy-indol-

3-methyl glucosinolate shares two of its three QTL with indol-3-yl-

methyl glucosinolate but has an additional QTL near the top of

chromosome 5. This additional QTL might correspond to the

position of a gene responsible for the generation of the methoxy-

group at position 1 of the tryptophan moiety.

4-hydroxy-indol-3-yl-methyl glucosinolate accumulation is con-

trolled by two QTL, one near the top of chromosome 1 and the

second near the bottom of chromosome 5 (Figure 3). The

position of this QTL on chromosome 5 and its effect direction are

shared by one of the QTL controlling 4-methoxy-indol-3-yl-

methyl glucosinolate accumulation, suggesting a biosynthetic

connection between 4-hydroxy-indol-3-yl-methyl and 4-methoxy-

indol-3-yl-methyl glucosinolate. However, the second QTL for 4-

methoxy-indol-3-yl-methyl glucosinolate is located at a different

position, near the bottom of chromosome 1, while the second 4-

hydroxy-indol-3-yl-methyl glucosinolate QTL maps near the top

of chromosome 1.

DISCUSSION

Is Herbivory by Pieris brassicae Influenced by

Variation in Glucosinolates, Myrosinase Activity or

Trichomes?
QTL for different traits may be considered to co-localize when

their 2-LOD support intervals overlap. Co-localization of QTL

does, of course, not prove that these QTL are caused by the same

gene. Likewise, linked QTL for different traits may have the same

cause, even when their 2-LOD support intervals do not overlap,

due to the complexity of the statistics that guide QTL mapping.

Nonetheless, co-localization of QTL for different traits may

provide an approximation for comparing the genetic architecture

underlying different but potentially related traits.

We have identified six QTL for resistance against P. brassicae,

each two on chromosomes 1 and 5, and each one on chromosomes

Figure 4. Epistatic interactions in the biosynthesis of homomethionine-derived glucosinolates. Left: 3-methylsulfinylpropyl glucosinolate (3MSOP)
is produced when the genotype at the AOP locus (marker F4C21) is Da(1)-12. An Ei-2 allele at marker nga139 reduces the accumulation of this
glucosinolate by 60%. Right: allyl glucosinolate is produced when the genotype at AOP is Ei-2. A Da(1)-12 allele at 3FM12 increases and a Da(1)-12
allele at nga249 decreases leaf allyl glucosinolate accumulation. N indicates the number of RILs with a particular combination of genotypes at the
different markers.
doi:10.1371/journal.pone.0000578.g004
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2 and 4. For many of the traits that we investigated because they

are known to influence resistance against generalist insect

herbivores, we found one or more QTL that co-localize with

Pieris resistance QTL. However, one of the three myrosinase

activity QTL does not co-localize with a Pieris resistance QTL.

Only one of the three QTL for leaf upper-side trichomes, on

chromosome 4, co-localizes with a resistance QTL but this QTL

shows the wrong sign for its effect. One would expect that

trichomes provide physical resistance against insect herbivory and,

thereby, reduce plant damage. However, plant damage increases

with increasing numbers of leaf trichomes controlled by this locus.

None of the leaf perimeter trichome QTL co-localizes with

a resistance QTL, and for QTL controlling leaf under-side

trichomes, only one of two QTL co-localizes.

For total glucosinolate accumulation, we identified two QTL,

but neither co-localizes with a Pieris resistance QTL. Likewise,

none of the QTL for total aliphatic glucosinolate accumulation co-

localizes with a resistance QTL, and only two of the five QTL for

total indole glucosinolate accumulation co-localize with herbivory

QTL. A similar picture emerges for QTL controlling sums of

homomethionine, di-homomethionine, penta-homomethionine

and hexa-homomethionine-derived glucosinolates or for QTL

controlling total methylthio, methylsulfinyl or alkenyl glucosino-

lates (Figure 3). Hence, sum variables for glucosinolate classes do

not account for resistance against P. brassicae. But also QTL for

individual glucosinolates do not explain the QTL for Pieris

resistance. The QTL with the largest impact on glucosinolate

profiles, AOP, does not co-localize with any of the resistance QTL.

And for all individual glucosinolates, either one or more QTL do

not co-localize with herbivory QTL, or at least one QTL has

a different sign for its effect than the others, while all Pieris QTL

have the same sign for their effect, with the Da(1)-12 allele

improving resistance against herbivory by Pieris larvae. Finally,

none of the Pieris QTL maps near the two major loci that specify

glucosinolate hydrolysis product identity, ESP [5] and ESM1 [8]

(Figure 2), although both parental lines, Da(1)-12 and Ei-2,

display sequence polymorphisms in the ESP genomic region that

correlate with ESP expression [5]. Hence, we conclude that none

of the investigated traits, trichomes, myrosinase activity or

glucosinolate accumulation, appears to cause the QTL for Pieris

resistance in Da(1)-126Ei-2 RILs. Further fine-mapping and,

ultimately, cloning of the underlying genes causing the Pieris

resistance QTL is necessary to help understand how Arabidopsis

and other crucifers defend themselves against specialist insect

herbivores such as P. brassicae.

Prospects of Improving Insect Resistance in

Cruciferous Crops
Pieris brassicae and other Pieridae are some of the most serious pests

on cruciferous crop plants such as rapeseed, cauliflower, or

broccoli [39–41]. We have analyzed herbivory by P. brassicae

larvae with a new RIL population, obtained from a cross between

the parental lines Da(1)-12 and Ei-2. We found no detectable effect

of glucosinolates or myrosinase activity on larval herbivory,

indicating that the variation in the glucosinolate-myrosinase

system that is present in our RIL population does not contribute

to variation in plant damage caused by Pieris larvae. Nonetheless,

the glucosinolate-myrosinase system does play a role in the

interaction between P. brassicae and A. thaliana or other Brassica-

ceae: Adult Pieris females use glucosinolates and their hydrolysis

products to locate host plants for oviposition, and hydrolysis

products have a stimulating effect on oviposition for P. brassicae and

other Pieridae [24,42–45]. Likewise, glucosinolate breakdown

products serve as a stimulant for larval feeding initiation [46–48].

This may explain why herbivory by Pieris rapae, a close relative of

P. brassicae, is significantly reduced in tgg1 tgg2 double mutants

Table 1. Epistatic interactions in glucosinolate biosynthesis
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Trait Source d.f. F-ratio P

3-methylsulfinylpropyl F4C21 1 102.54 0.00000

nga139 1 23.81 0.00000

F4C216nga139 1 20.17 0.00001

Error 187

allyl 3FM12 1 8.59 0.00382

F4C21 1 632.11 0.00000

nga249 1 12.54 0.00051

3FM126F4C21 1 10.99 0.00111

3FM126nga249 1 0.20 0.65704

F4C216nga249 1 16.54 0.00007

3FM126F4C216nga249 1 0.51 0.47812

Error 178

Total 4 F3K23 1 23.02 0.00000

nga8 1 20.58 0.00001

F3K236nga8 1 9.88 0.00195

Error 182

3-butenyl F3K23 1 20.77 0.00001

F4C21 1 56.73 0.00000

F3K236F4C21 1 15.06 0.00015

Error 181

Total Indoles B12 1 11.49 0.00090

C22 1 17.21 0.00006

MSAT3.19 1 14.35 0.00022

F4C21 1 31.28 0.00000

T6G15 1 6.02 0.01534

C226B12 1 1.68 0.19748

MSAT3.196B12 1 0.30 0.58454

F4C216B12 1 0.40 0.52740

T6G156B12 1 0.00 0.96366

MSAT3.196C22 1 8.33 0.00450

F4C216C22 1 0.04 0.84950

T6G156C22 1 0.01 0.94323

F4C216MSAT3.19 1 6.36 0.01279

T6G156MSAT3.19 1 7.27 0.00783

T6G156F4C21 1 0.55 0.46085

MSAT3.196C226B12 1 0.00 0.96727

F4C216C226B12 1 1.01 0.31703

T6G156C226B12 1 0.00 0.96243

F4C216MSAT3.196B12 1 0.17 0.68519

T6G156MSAT3.196B12 1 0.73 0.39366

T6G156F4C216B12 1 0.41 0.52310

F4C216MSAT3.196C22 1 13.69 0.00031

T6G156MSAT3.196C22 1 2.05 0.15448

T6G156F4C216C22 1 0.23 0.63376

T6G156F4C216MSAT3.19 1 0.69 0.40783

Error 144

doi:10.1371/journal.pone.0000578.t001..
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which have very low levels of Arabidopsis wild type myrosinase

activity [22]. Hence, a reduction of glucosinolate levels or

myrosinase activity in cruciferous crops could potentially reduce

plant damage caused by P. brassicae. However, a decrease in the

effectiveness of the glucosinolate-myrosinase system would very

likely render crucifer crops more susceptible to generalist insect

herbivores which are sensitive towards glucosinolate-based de-

fenses [5–9,22]. Furthermore, such a manipulation of the

glucosinolate-myrosinase system bears the risk that plants could

become more attractive to herbivores which usually do not

consume crucifers because these insect species have no effective

means to withstand toxic products originating from glucosinolate

hydrolysis. Thus, manipulating the glucosinolate-myrosinase

system to increase resistance against insect herbivores may be

problematic. The detection of QTL that appear to be independent

of the glucosinolate-myrosinase system may provide a way to solve

this dilemma. Manipulating the genes that underlie the detected

resistance QTL could help increase crop protection against P.

brassicae, without interfering with a complex defense system that

protects crucifers effectively against most herbivorous insects.

MATERIALS AND METHODS

Plant and Insect Growth Conditions
Arabidopsis thaliana plants for RIL development were grown under

continuous light, supplied by Osram Fluora L36/W77 neon bulbs

with an intensity of 150 mmol s21 m22 at 20uC and 60% relative

humidity in an environment-controlled growth room. Plants for

insect herbivory trials, leaf glucosinolate extraction, and myrosi-

nase assays were grown in 11.5 h day/12.5 h night cycles at 22uC
and 60% relative humidity (day conditions), and 16uC and 80%

relative humidity (night conditions) in an environment-controlled

growth room. Here, light was supplied by NH 360 FLX Sunlux

ACE bulbs with an intensity of 200 mmol s21 m22. Plants were

grown in an autoclaved 1:3 vermiculate/potting soil mix with

20 ml time-release fertilizer (Osmocote) per flat. After sowing into

damp potting medium, flats were covered with clear plastic grow

domes, and seeds were stratified for 3–4 days at 6uC in the dark.

In general, seeds germinated within 2–3 days, and grow domes

were removed 5 days after transfer to the light. Then seedlings

were transferred to fresh soil in 96-celled 32.5651 cm2 flats at

a density of 1 seedling per cell. All assays were carried out with 3-

week old plants.

Pieris brassicae eggs were obtained from Seritech (Warwick, UK).

After hatching, insects were reared on Brassica napus var. oleifera for 2–

3 days before the experiments. Plutella xylostella eggs were obtained

from New York State Agricultural Experiment Station Geneva, NY,

USA, and a colony was maintained at the Max Planck Institute for

Chemical Ecology, Jena, Germany. Insects were raised on artificial

diet according to published procedures [49].

Generation of Da(1)-126Ei-2 Recombinant Inbred

Lines
Da(1)-12 (accession no. N917) and Ei-2 (N1124) accessions were

obtained from the Arabidopsis stock center (Nottingham, U.K.).

Except for the initial cross between both accessions, all following

generations were propagated by selfing. 215 F2 plants were

randomly selected from the progeny of a single heterozygous F1

plant. For every advanced generation, 4–8 seeds per line were

planted, and a single plant was randomly chosen from each line for

seed production. Finally, seeds from a single F8 plant per line were

bulk-collected resulting in a final set of 201 Da(1)-126Ei-2 RILs.

This new RIL population will be made available through the

Arabidopsis stock centers.

DNA Extraction, Genotyping, Genetic Map
DNA was isolated as described in [17]. Molecular markers were

obtained from publicly available sources (http://www.arabidopsis.

org; http://www.inra.fr/qtlat, [49]), or were generated from

microsatellite loci identified in the Col-0 genome sequence [51].

More than 150 potential markers were tested for polymorphism

between parental lines, using DNA from Da(1)-12, Ei-2, and a 1:1

mixture of DNAs from both lines. 84 PCR products were found

suitable for genotyping (Table 2), and allowed to distinguish

between Da(1)-12 and Ei-2 genotypes, and between homozygous

and heterozygous loci on 4% Metaphor agarose (Biozym

diagnostics, Germany). PCR reactions contained, in general, ca.

30 ng DNA, 2.3 ml 10x PCR buffer (Qiagen, Germany), 4 nmol of

each dNTP, 1.25 pmol of each of both primers, 70 nmol MgCl2,

and 0.15 U Taq DNA polymerase (Qiagen, Germany) in a 23 ml

volume. Cycling conditions were 94uC for 2 min, followed by 38

cycles of 94uC for 15 s, 50uC or 55uC for 15 s, and 72uC for 30 s,

with a final extension of 72uC for 2 min on an Applied Biosystems

9700 Thermocycler. Genotyping was carried out with DNA

extracted from individual F9 progeny. A genetic map was

constructed with MAPMAKER/EXP Version 3.0 [52]. Genotype

data for the Da(1)-126Ei-2 RILs are available in Table S1.

Insect Herbivory Screens
P. brassicae herbivory screens were performed at 7 different times,

and each experiment was carried out with at least 3 replicates per

RIL. RIL replicates were completely randomized over 96-celled

flats. At the beginning of each experiment, plant diameter was

measured. One larva was placed on each plant rosette without

prior starvation, and larvae were allowed to move freely. After

24 hours of herbivory, the leaf area removed by the insects was

assessed visually, and an artificial scale was established to

determine the percentage of removed rosette tissue. In total, more

than 9000 data points were collected for P. brassicae herbivory. P.

xylostella herbivory screens were performed similarly, except that

larvae were starved for 6 hours prior transfer to plants, and larvae

were allowed to feed for 2–3 days. Total sample size for P. xylostella

herbivory exceeded 2400 plants.

Trichomes
Trichome analysis was carried out with 96 RILs chosen to include

lines with a maximum number of recombination breakpoints. Per

RIL, 4 replicates were analyzed, and trichomes from the 3rd to 6th

true leaves of 3-week old plants were counted with a Stemi SV6

binocular (Carl Zeiss, Jena, Germany). Every leaf was placed

underneath the binocular such that the leaf tip touched the border

of the visual field. This way, only the upper half of the leaf was

visible and used for trichome analysis. Trichome numbers were

counted for the leaf upper and under-sides and for the leaf

perimeter.

Glucosinolate Extraction and HPLC Analysis
Glucosinolates were extracted in a 96-well format as described in

[18]. HPLC separation and identification of extracted desulfo-

glucosinolates was carried out as described in [17]. In brief, HPLCs

were run on a Hewlett Packard HP 1100 system (Agilent), equipped

with a HP Lichrocart 250-4 RP18e 5 mm column. The elution was

accomplished with a water (solvent A) – acetonitrile (solvent B)

gradient using the following program: 1.5 – 5% (v/v) B (6 min), 5 –

7% B (2 min), 7 – 21% B (10 min), 21 – 29% B (5 min), 29 – 43% B

(7 min), 43 – 92% B (0.5 min), 92% B (2.5 min), 92 – 1.5% B

(0.5 min), 1.5% B (4.5 min). Desulfo-glucosinolates were identified

according to retention time and UV spectra, and quantified from
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Table 2. Markers used for genotyping of Da(1)-126Ei-2 RILs
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Marker Chr BAC/P1 Primer 1 (59R39) Primer 2 (59R39) Gel pattern

C1P12 1 F20B24 CTGGAAGTCCATACCATGAG GTTCGTCGTTCGTGGTATTG D.E

F20D23_2 1 F20D23 CCGTCACACCATTCACAATC CCAACCCCTTATATATCGTTC D.E

MSAT1.7a 1 F12K8 GCTTTTATCAGCTCAAACAT ACTCTTACGTTTGGAGTTCA D.E

NGA248a 1 F3H9 TCTGTATCTCGGTGAATTCTCC TACCGAACCAAAACACAAAGG D,E

F1K23 1 F1K23 GAACCAATAAGGAGGCTCAAC CCATACGGAGAAACCTTCTTC D.E

F1K23_2 1 F1K23 CAATTTCGAGTTTCGGATTTTC CTTCACATCAATGCTTGTAATAG D,E

MSAT1.4a 1 F28L22 CTAAACTAGAACCAGGGGTAA ACAAAAATCGTGGTGATAATA D,E

T27K12a 1 F7F22 GGAGGCTATACGAATCTTGACA GGACAACGTCTCAAACGGTT D.E

B14 1 F11F12 CCATTCTCGTCGTGTTATAAG GAAATGTTAAGGCCAAAATACAG D,E

B12 1 T18A20 CAACTCGTTATAACAGGTTTTAC CCAAATACTAAAGAGGGAATTG D,E

F5I14a 1 F5I14 CTGCCTGAAATTGTCGAAAC GGCATCACAGTTCTGATTCC D.E

MSAT1.12a 1 T26J14 TTAGAGATTCGCCAACCTC CGTGTGCCCAACCA D.E

MSAT1.13a 1 F24J5 GTCAAACCAGTTCAATCA CAACCACCAGGCTC D,E

MSAT1.1a 1 F20P5 ATACGATAAGATTTATTAGCA CCCATGCTCTTTTTGTGAAA D.E

MSAT1.2a 1 F22K20 TTGAGTGGTGCCGCTTG ATATCTCCATCGCTGCAACC D.E

MSAT2.38a 2 F18P14 TGTAACGCTAATTTAATTGG CGCTCTTTCGCTCTG D.E

MSAT2.18a 2 T4E14 TAGTCTCTTTTGGTGCGCATA AGCCTCTCCAAGCTTAGGTCT D.E

MSAT2.28a 2 T26I20 AATAGAAATGGAGTTCGACG TGAACTTGTTGTGAGCTTTG D,E

MSAT2.11a 2 F19F24 GATTTAAAAGTCCGACCTA CCAAAGAGTTGTGCAA D.E

T20K24 2 T20K24 CAATATTCGTGGGAGTTAGTC GCTGTCGAATTACATTTCTTTAC D,E

F3K23 2 F3K23 CTCGCAGCGTCTGCAAATTC GAAGCGGAAGATGGAGAGAC D.E

MSAT2.31a 2 T22F11 GCTCCTCTTTGCCGCTAG GCGATTTCATCTTGTGCATC D.E

MSAT2.37a 2 T19L18 GGTTGTTTCATCGAAAGCA CATGGTCTCGCTGGTGTAT D,E

C22 2 T26B15 CTTGGCAACTTCATTCAATTTC GAAAGTAGAGAAGCATTTAGAC D,E

MSAT2.4a 2 T26B15 TGGGTTTTTGTGGGTC GTATTATTGTGCTGCCTTTT D,E

A21 2 T1J8 CCATCTAAACTGCTTACGATG GTGACCCATTCTTCTCTTTTC D,E

MSAT2.22a 2 F17A22 CGATCCAATCGGTCTCTCT TGGTAACATCCCGAACTTC D,E

C3P41 3 F9F8 GGTCGTATCCTCTTATCGAAC CTTGTGAGTGGTCTTATGAAAG D,E

3FM08 3 K20I9 GGTTCGTATCCAAAAACCAAG CCATCATTGGAGCAAGAGAC D.E

C3P43 3 MRC8 CAATGTTGGCTTGGAAATAATG CATTGCCGGTAAAAATGTTTTTC D.E

3FM09 3 MAL21 CTAATTACTATGGCGGAGAATTC CTAAAGAAATCTGCGGTCTTC D.E

3FM10 3 MSD21 CATTACTTCACTGTTGCTTTAC GACAGGTTATGGCTTGTTAATC D.E

MSAT3.19a 3 K7M2 TAATTCGATCCAATTGACAT TGGCTTGGCACAAAC D,E

3FM12 3 K24A2 TAGGGAAGCATTTGTCTTGAG TGCTTAAAGTGACGGTAAAATG D: 1 band E: 2 bands

MSAT3.8a 3 K5K13 ATGTTAAAAACCCGTGTTGG TTTAACCTTATCCGGGAAAG D.E

MSAT3.32a 3 MXO21 GCACTTGCAGCTTAACTT CGTGACTGTCAAACCG D.E

C32 3 T15B3 GAAGAGGATGAACAAAGATAAG CAAATCTGCCTCCTCCATAAG D,E

MSAT3.28a 3 T26I12 TACAAGTCATAATAGAGGC GGGTTTAGCATTTAGC D,E

T5J8_2b 4 T5J8 CGATCATCGGTGTTCACCTT GAAAATAAATCGTCATATGGTGTACTG D.E

T5J8_1b 4 T5J8 GCCAAGACGCAGAAGAAGAG TCTCATTATTCCCCACAATGC D,E

F4C21 4 F4C21 GCGCTTCATCTAGTTACGCTTT CCCGGACTGAACCAAACTAA D.E

NGA8a 4 T32A17 GAGGGCAAATCTTTATTTCGG TGGCTTTCGTTTATAAACATCC D,E

F28M11 4 F28M11 CACCATATTGGCCTCAAATTG CAAAAACCCGTTCCACCAAAC D,E

MSAT4.25a 4 F25E4 GAATGGTTGTTGATAGTTGA AAATTTCAGGAGGTGATAGA D,E

F25G13 4 F25G13 GCCAGGTTCTTTTCATTTCTC GGGCGTTTAATTTGCATTCTTC D,E

MSAT4.35a 4 F25G13 CCCATGTCTCCGATGA GGCGTTTAATTTGCATTCT D,E

T6G15 4 T6G15 GTAGCCAGAGATGGAAGTTAC GGGTCCTTACTGAGGCTTTG D.E

MSAT4.18a 4 T12H17 TGTAAATATCGGCTTCTAAG CTGAAACAAATCGCATTA D,E

T27E11 4 T27E11 GTGATTCCCGTCTGCTAAAC CCTCCTTCAGCATCATAGTG D.E

F25O24 4 F25O24 CAATGTATTTGGATGTGTTTGTTC GGATGGTAACACGGCTAAAC D,E
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HPLC peak areas at A229 nm, using published response factors

[53,54] to correct for different UV absorption capacities of individual

glucosinolates.

Myrosinase Extraction and Analysis
Myrosinase extraction from 100 mg leaf tissue and UV-spectro-

photometric activity assays were carried out as described in [22].

Two independent experiments were conducted, once with the

complete RIL population, once with the 96 most informative

RILs. Relative myrosinase activity was measured as a spectropho-

tometrical change at 227 nm through breakdown of sinigrin (allyl

glucosinolate) within 15 min using a Multiskan Spectrum (Thermo

Fisher Scientific, Germany) spectrophotometric plate reader.

Quantitative Analyses
Systat Version 10 (SPSS Inc.) was used to analyze natural

variation for insect resistance and related traits in the following 16

Arabidopsis accessions: Akita (Akita, Japan, Versailles identifica-

tion no. 252 AV), Col-0, Ct-1 (Catania, Italy, N1094), Cvi-0 (Cape

Verdi Islands, N902), Da(1)-12 (Czech Republic or Slowakia,

N917), Edi-0 (Edinburgh, UK, N1122), Ei-2 (Eifel, Germany,

N1124), Kn-0 (Kaunas, Lithuania, N1286), Ler, Shahdara

(Shahdara river (Pamir), Tadjikistan, N929), Mh-1 (Muehlen,

Poland, N1368), Mt-0 (Martuba/Cyrenaika, Lybia, N1380), N13

(Konchezero, Russia, CS22491), Oy-0 (Oystese, Norway, N1436),

Stw-0 (Stobowa/Orel, Russia, N1538), and Tsu-0 (Tsu, Japan,

N1564). ANOVA was used to obtain least squares means for each

accession for P. brassicae and P. xylostella herbivory, for plant

diameter in P. brassicae herbivory experiments, for myrosinase

activity, and for trichomes on the leaf upper and under-side

surfaces and the leaf perimeter. For P. brassicae (N = 973) and P.

xylostella herbivory (N = 912), the ANOVA model was TRAIT = -

CONSTANT+ACCESSION+EXPERIMENT+FLAT(EXPERI-

MENT)+COLUMN+ROW+PLANT DIAMETER. COLUMN

and ROW are variables to control for position effects. These

Marker Chr BAC/P1 Primer 1 (59R39) Primer 2 (59R39) Gel pattern

FM12 4 T16L4 GAAGCCCCTATGAGATGGTC GTGAGGGAGTTAGGTAGCAAC D,E

FM14 4 F9N11 TCAAGGGAGACTTGGAGAAC GGGATCGTTATGCACTTGTTTG D,E

FM17 4 F9N11 CTCCCTCTTCGGAGAAATTC CATCTCTTATAGGCCTCTCTC D.E

4FM05 4 F17I23 CTAACAGATTTGGTGAATAACAAG TCATTTGATGTGCCAGTAAATC D.E

FM21 4 T10C21 CTCAAGCGGTGGAAATTGGAG GTAAAGAATGTCCAGGGCAG D,E

MSAT4.14a 4 F8F16 GACCGTTTCTAGTGCTCACA ACGGAATAAGCGGAGGA D,E

FM24 4 F3L17 GAGCATCCGCGTAGGTTAAG CACAGAGAGACTCAAAAATACTG D,E

FM34 4 F11C18 TGGTCTCTCAACTCCAACAC CATTGAGATTTGAGCCAAACAG D,E

MSAT4.11a 4 F10N7 AAAAATCCGGTAGAGCATCC CCAATTCCGAGCCAGTAA D,E

F10N7 4 F10N7 GTTGCTCGAAACCTCTCAATC GCCTCACCGATACGTTTCTG D,E

4FM01 4 F8B4 AGTAGATACAATGCGTTGACC GGAGCGTTAATAGTGTGTATG D,E

FM29 4 L23H3 GTCCAGGTTGCTGAAGAGAAG GTATTGTTTGGTTGGTATGAGC D,E

MSAT4.9a 4 F4D11 GAAATCAACGGCTGAG AAGTAATTAAGACGCTGAGA D,E

F4B14 4 F4B14 CGTCGTTTATTTCACCACCAC GGTACAAAGATGGGTTAAACTG D,E

F6G17 4 F6G17 GACACGCAAACAAAGTAAAAGTC GATGGTGACATAGACCCAATG D.E

MSAT4.33a 4 F6G17 TTCTTTGACACGCAAACA TGGTGACATAGACCCAATG D.E

MSAT4.21a 4 F19F18 TTATGCTATGGCTGTTTGGT CGAAATCTGTTCTTGCATTC D.E

MSAT4.30a 4 F20D10 AGAGCACTCACCGTTCAT TGTGTTCGTGGATTTACC D,E

MSAT4.31a 4 T5J17 AGGGATATGGATTGAGA GCCGTATAACTATTGGTT D,E

NGA249a 5 MAH20 TACCGTCAATTTCATCGCC GGATCCCTAACTGTAAAATCCC D.E

NGA151a 5 F18022 GTTTTGGGAAGTTTTGCTGG CAGTCTAAAAGCGAGAGTATGATG D,E

NGA139a 5 K18P6 GGTTTCGTTTCACTATCCAGG AGAGCTACCAGATCCGATGG D.E

C5P71 5 T26D3 GACGATGGTGGAGTGATAAG CTTTGACCTCAAACTTAAGTAG D,E

MSAT5.25a 5 MOK9 GCTTAATTTGGGTTAAAT GCACGCAAGTGACT D,E

MSAT5.22a 5 MWP19 AGAACAAGTTAGGTGGCT GGGACAAGAATGGAGT D,E

C5P81 5 MFO20 GTCAAAGAGTTACTCCGTTAC CGAGACAAGAGCATGTTATATG D,E

MIO24 5 MIO24 GTACAATAATTTAGAGAGTATTTTG CTAGCTCAACTTACTGCTTAATG D,E

MNC6 5 MNC6 GTTTGGGTCCAATGATAAAATC GCCTATTGGGCTGAGTTTTC D.E

MMN10 5 MMN10 CAGTGTCGGCTAATTTCGAC CAGTCGACATTTCAAAGGTTC D,E

5FM10 5 MFB13 GATTTGACGACTGATTACATAAC GCTTGAAATTTGTGTGTATTGTC D.E

5FM09 5 MPA24 CAATTTCTTGTTATCTGCTTATG CCATTGCCATATGTTTCCCTC D,E

a: Markers are from http://www.inra.fr/qtlat/msat/index.php
b: Markers are from [14]
Bold-typed markers were used for QTL mapping.
doi:10.1371/journal.pone.0000578.t002
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variables are particularly important in P. brassicae herbivory screens

to compensate for larval movement during experiments (F = 19.18,

df = 11, N = 973, P,0.000001 for COLUMN, and F = 41.67,

df = 7, P,0.000001 for ROW). EXPERIMENT accounts for

variation between experiment replicates, FLAT(EXPERIMENT)

for variation between flats within an experiment. Similarly, least

squares means were obtained for plant diameter in P. brassicae

(N = 973) and P. xylostella (N = 912) herbivory screens with the

model TRAIT = CONSTANT+ACCESSION+EXPERIMENT+
FLAT(EXPERIMENT)+COLUMN+ROW. Myrosinase activity

(N = 68), glucosinolates (N = 83) and leaf trichome density (N = 153)

were evaluated in only one experiment each and all accessions

were grown completely randomized within one flat. Therefore, the

model was TRAIT = CONSTANT+ACCESSION+COLUMN+
ROW to obtain least squares means for myrosinase activity. In this

model, COLUMN and ROW are variables used to control for the

time delay that occurs during the processing of individual

microtiter plate positions in our plate reader. The model for the

analysis of all individual glucosinolates was TRAIT = CON-

STANT+ACCESSION. Glucosinolate sum variables were gener-

ated by summing up least squares means for individual glucosino-

lates after correcting for different UV absorption capacities with

published response factors [52,53]. Finally, least squares means for

trichome density on the leaf upper and under-sides and the leaf

perimeter were obtained with the model TRAIT = CONSTAN-

T+ACCESSION+LEAF, with LEAF being a variable to control

for a potential effect of leaf developmental stage on trichome

density. For the Da(1)-126Ei-2 RIL population, similar ANOVA

models were used as described above, with a few exceptions: A

variable FLAT was included in the glucosinolate and trichome

models to account for variation between flats, and the variables

EXPERIMENT and FLAT(EXPERIMENT) were included to

control for variation between experimental replicates and between

flats within an experiment replicate in the myrosinase assays.

Sample sizes were N = 9132 for P. brassicae and N = 2441 for P.

xylostella herbivory screens, N = 930 for myrosinase activity assays,

N = 1484 for trichome density, and N = 972 for glucosinolates.

Again, data from P. brassicae herbivory screens were also used to

analyze variation in plant diameter.

QTL Mapping and Analysis
Windows QTL cartographer V2.5 [55] was used for composite

interval mapping (CIM) of QTL. The standard model (Model 6)

was used with forward regression, a window size of 10 cM, and 5

background control markers. QTL were scanned at a walk speed

of 0.5 cM. Statistical significance of QTL for each trait was

assessed by permuting each data set 1000 times, with a significance

level of 0.05. Furthermore, 2-LOD support intervals [56] were

obtained from the QTL cartographer output. For each QTL, the

effect strength was estimated as the proportional difference,

(LSMDa(1)-122LSMEi-2)/((LSMDa(1)-12+LSMEi-2)/2), where LSM is

the ANOVA least squares mean at the marker closest to the QTL

peak. Positive values indicate that the Da(1)-12 genotype has

a stronger effect, negative values that Ei-2 has a stronger effect.

Finally, the proportion of explained variance, R2, was obtained

from the QTL cartographer output.

In addition, Bayesian interval mapping (BIM) [57] as imple-

mented in R/bim (http://www.stat.wisc.edu/,yandell/qtl/soft-

ware/bmqtl) was used. For each trait, 400,000 Markov-Chain-

Monte-Carlo steps were simulated and iterations were recorded at

every 400th step, with 1000 pre-burn-in and 20000 burn-in steps.

Prior for the number of QTL was Poisson, with zero initial QTL.

CIM and BIM yielded very similar results, and the high density

probability peak from BIM for a given QTL was usually found

within the 2-LOD support interval for a QTL in CIM (Figure 3).

The most notable difference between both methods was a weak

QTL for Plutella herbivory that was identified with BIM but not

with CIM. Since this QTL was located at the same position as one

of the QTL for Pieris herbivory, we consider this QTL real

(Figure 3).

Because epistatic interactions appear to be an important factor

in the genetic architecture of complex traits [58] and have been

documented for glucosinolate biosynthesis [12], the markers most

closely linked to QTL peaks were tested for potential epistatic

interactions. Based on this a priori expectation that main QTL

might interact with one another, a significance threshold of 0.05

was chosen. First, for every trait all single markers and all pairwise

interactions between these markers were included in the ANOVA

models. If more than one significant interaction with a particular

marker was detected, also higher-order interaction terms between

markers were included.

SUPPORTING INFORMATION

Table S1 Genotype data for Da(1)-126Ei-2 RILs

Found at: doi:10.1371/journal.pone.0000578.s001 (0.26 MB

XLS)

Table S2 Genes of the glucosinolate-myrosinase system, AGI

numbers, and references

Found at: doi:10.1371/journal.pone.0000578.s002 (0.06 MB

DOC)
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Under the auspices of the European Training and Networking Activity

programme of the European Union, a ‘Metabolic Profiling and Data Analysis’

Plant Genomics and Bioinformatics Summer School was hosted in Potsdam,

Germany between 20 and 29 September 2006. Sixteen early career researchers
were invited from the European Union partner nations and the so-called

developing nations (Appendix). Lectures from invited leading European re-

searchers provided an overview of the state of the art of these fields and seeded

discussion regarding major challenges for their future advancement. Hands-on

experience was provided by an example experiment – that of defining the

metabolic response of Arabidopsis to treatment of a commercial herbicide of

defined mode of action. This experiment was performed throughout the

duration of the course in order to teach the concepts underlying extraction and
machine handling as well as to provide a rich data set with which the required

computation and statistical skills could be illustrated. Here we review the state

of the field by describing both key lectures given at and practical aspects taught

at the summer school. In addition, we disclose results that were obtained using

the four distinct technical platforms at the different participating institutes.

While the effects of the chosen herbicide are well documented, this study looks

at a broader number of metabolites than in previous investigations. This

allowed, on the one hand, not only to characterise further effects of the
herbicide than previously observed but also to detect molecules other than the

herbicide that were obviously present in the commercial formulation. These

data and the workshop in general are all discussed in the context of the teaching

of metabolomics.

Abbreviations – ESI-MS, electron spray ionisation mass spectrometry; ETNA, European Training and Networking Activity; GABI,

German Plant Genomics Research Program; GC-TOF, gas chromatography–time of flight; IPB, the Leibniz Institute for Plant

Biochemistry; IPK, Leibniz Institute of Plant Genetics and Crop Plant Research; LC, liquid chromatograph; MPICE, Max-Planck

Institute for Chemical Ecology; MPIMP, Max-Planck Institute for Molecular Plant Physiology; PlantMetaNet, Plant Metabolism

Network; QTL, quantitative trait loci; UP, University of Potsdam.
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Introduction

Metabolite profiling or metabolomics has come a long way

since its inception in the 1980s (Fernie et al. 2004, Kopka

et al. 2004, Oksman-Caldentry and Saito 2005). In its
earliest applications, metabolite profiling used metabolite

composition as a diagnostic tool to ascertain, e.g. the

metabolic response to herbicide (Ott et al. 2003, Sauter

et al. 1988), the equivalence of genetically modified and

conventional crops (Catchpole et al. 2005, Shepherd et al.

2006) and the classification of plant genotypes (e.g. Fiehn

et al. 2000, Roessner et al. 2001, Schauer and Fernie

2006). Early descriptions of plant metabolomics tended to
describe primary metabolites (Fiehn et al. 2000, Katona

et al. 1999, Roessner et al. 2000, Sauter et al. 1988);

however, broad methods for plant volatiles using head-

space GC-MS (Song et al. 1997, Tikunov et al. 2005) and

secondary metabolites using diverse variations of liquid

chromatography (LC)-MS have recently been developed

(Huhman and Sumner 2002, Keurentjes et al. 2006, von

Roepenack-Lahaye et al. 2004, Tolstikov and Fiehn 2002).
In parallel to the much needed method development,

the metabolomics approach has been much used in

descriptions of the response of plants to a wide range of

biotic or abiotic stresses (see, e.g. Baxter et al. 2007, Hirai

et al. 2004, Kaplan et al. 2004, Nikiforova et al. 2005,

Suzuki et al. 2005). In addition, metabolite profiling is

also being used increasingly to decipher gene function

(Fridman et al. (2005), Goossens et al. 2003, Hirai et al.
2005, Tieman et al. 2006, Tohge et al. 2005), to

investigate metabolic regulation (Matsuda et al. 2005,

Roessner et al. 2001) and (in combination with analysis of

other molecular entities of the cell) as part of integrative

analyses of the systemic response to environmental or

genetic perturbations (see Sweetlove and Fernie 2005).

In addition to fundamental developments in the use of

metabolite profiling to address biological questions, the
cost of the analytical machinery required to practise this

discipline has fallen dramatically in the last decade,

rendering it a far more accessible technology. With this in

mind, the Plant Metabolism Network (PlantMetaNet)

consortium of plant research institutes in the eastern part

of Germany applied to host a European Training and

Networking Activity (ETNA) summer school in metabolic

profiling in 2006. In this mini-review, we will give an
overview of highlights of the presentations given by

individuals of the host institutes, invited speakers and

attendees of the conference (many of the talks can be

downloaded at http://www.eu-summer-school.org/01_

seiten/b_00.php). In addition, we will review the central

experiment that was performed as an introduction to the

methods of metabolite profiling, following the metabolic

response of Arabidopsis to glyphosate treatment.

Workshop structure

As indicated above, the summer school took the form of

a 10-day course held mainly at the Max-Planck Institute

for Molecular Plant Physiology (MPIMP) in Potsdam-
Golm; however, it was also jointly hosted by the

University of Potsdam (UP), the Leibniz Institute for Plant

Biochemistry (IPB) in Halle, the Leibniz Institute of Plant

Genetics and Crop Plant Research (IPK) in Gatersleben

and the Max-Planck Institute for Chemical Ecology

(MPICE) in Jena. It comprised a mixture of lectures,

hands-on wet laboratory work and computational anal-

ysis. The wet laboratory work consisted of a kinetic
analysis of the metabolic response of Arabidopsis

thaliana to treatment with the herbicide glyphosate (using

the commercial formulation Roundup Ultra�, Monsanto

Co., St Louis, MO). For this purpose, a large number of

Arabidopsis plants from the Col-0 accession were grown

for 33 days after sowing under highly controlled con-

ditions (20/18�C, 16:8 h light–dark regime and 80/50%

RH) prior to treatment with the herbicide at both low
(2 ml l21 Roundup Ultra) and high (20 ml l21 Roundup

Ultra) concentration. Samples were harvested at five

different times post-treatment. The material was then

snap-frozen in liquid nitrogen and subsequently distrib-

uted to the appropriate laboratories on dry ice for the

various metabolite-profiling studies, as illustrated in

Fig. 1. This experiment was performed twice – once

6 weeks before the summer school to ensure that the
metabolic profiles were ready for analysis by the

participants of the course and the second time during

the course itself. Analyses and experimental work were,

however, very much incorporated, with lectures to

provide a comprehensive overview of this rapidly

changing research field. Because of space limitations,

we will only describe a few of the talks in detail –

essentially focusing on those that highlighted recent
advances and current limitations of metabolomics and

bioinformatic analysis intimately associated with it.

The talks

The conference was opened with two lectures from

Lothar Willmitzer (MPIMP, Potsdam-Golm). The first

concerned the history, structure and remit of PlantMeta-

Net, a conglomerate of research institutes in the eastern

part of Germany focused on plant metabolism that was set

up in 2001 between IPK-Gatersleben, IPB-Halle and the
MPIMP-Potsdam-Golm and the MPICE-Jena. The second

one gave an overview of the concept of metabolite

profiling (Fernie et al. 2004, Fiehn 2002), the gas

chromatography–time of flight (GC-TOF) protocol being

used in several of the laboratories in Golm (Lisec et al.
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2006) and several recent applications utilising tomato

introgression lines and recombinant inbred lines of

Arabidopsis (Meyer et al. 2007, Schauer et al. 2006).

The programme continued with a detailed presentation of

basic aspects of the application of MS in biology by
Wolfram Weckwerth (MPIMP, Potsdam-Golm). In his lec-

ture, Wolfram gave a broad overview of chromatography,

ionisation and mass analysis as well as detailed descrip-

tions of the various tandem MS methods in current use

(Glinski and Weckwerth 2005). The next metabolomics-

focused lecture was given by Maciej Stobiecki (Institute of

Bioorganic Chemistry of Polish Academy of Science,

Poznan, Poland), which began with an overview of the
potential methods that can be used for profiling second-

ary metabolites (Sumner et al. 2003), before focusing on

the profiling of phenylpropanoids and flavonoids. In

particular, genistein conjugates and lupin isoflavones

were used as case studies for discussion of chromato-

graphic and MS behaviour, and a detailed literature

survey was provided (key references included Bloor and

Abrahams 2002, Hemm et al. 2004, Jones et al. 2003,
Mehrtens et al. 2005, Stobiecki et al. 2006). This first day’s

lecture was followed by an entire day of practical

demonstration (detailed in Hands-on sessions).

The third day started with database talks, talks on

metabolic networks and on the combination of metab-

olomics with classical genetics. The lecture of Uwe

Scholz (IPK, Gatersleben) gave a thought-provoking

introduction to the power of correctly constructed data-
bases as well as highlighting the immense diversity of

databases currently available (Galperin 2006, Philippi

and Kohler 2006). Scholz then went on to outline the

added utility (and complexity) in integrating databases

into data warehouses using work of his own group to

illustrate this (Balko et al. 2004, Kunne et al. 2005), before

finishing his lecture with the sobering statement that

automated knowledge retrieval systems for biology
remain elusive as yet. In his discussion of network

modelling, Ralf Steuer (UP) gave a history of metabolic

modelling involving kinetic, topological and stoichio-

metrical approaches. He illustrated this talk with work of

his own on the TCA cycle (Steuer et al. 2007) and

emphasised the importance of the analysis of stability,
dynamics and robustness of biological systems (Steuer

2007). In the final talk of the session, Nigel Hardy

(University of Wales, Aberystwyth) presented the current

state of the art of standards for metabolomics and an

insightful personal viewpoint on how these could (and

should) be improved. Essentially, Hardy reported the now

much held viewpoint that reporting standards for

metabolomics need to be improved and also outlined
steps that had been taken in this direction. His discussion

included the proposals of MiaMet (Bino et al. 2004) and

ArMet (Jenkins et al. 2005) for work in plants and

specifically in Arabidopsis, respectively, as well as the

systems such as standard metabolic reporting structure

(SMRS) set up for clinical medicine (Lindon 2005, Lindon

et al. 2005). The talk also introduced the then newly

formed metabolomics standards initiative (Fiehn et al.
2006) and discussed two new tools, HiMet (Jenkins et al.

2005) and SetUpX (Fiehn et al. 2005), to facilitate

database storage of metabolomics-derived information.

An important conclusion of his presentation was the

likely need to incorporate laboratory management system

approaches into metabolomics. The theoretical talks of

the morning were followed by detailed presentations of

the PhD work of Jan Lisec and Nicolas Schauer (both
MPIMP, Potsdam-Golm). The talk of Jan focused on the

use of GC-TOF and novel annotation algorithms (Lisec

et al. 2006) for the characterisation of recombinant inbred

lines and introgression lines of Arabidopsis (J. Lisec, R. C.

Meyer, M. Steinfath, M. Becher, H. Witucka-Wall, O.

Fiehn, O. Törjék, J. Selbig, T. Altmann, L. Willmitzer

[MPIMP and Universität Potsdam, Potsdam-Golm], sub-

mitted, Meyer et al. 2007), revealing a large number of
QTL and several metabolic hotspots in the genome.

Fig. 1. The set up and experimental design of harvest, analytics and evaluation. Detailed bioinformatic evaluations will largely be covered in the

accompanying paper (Steinfath et al. 2008).
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Nicolas’s talk by contrast focused on the application of

the same method to a tomato introgression population

and discussed the prospects of using knowledge of the

chemical composition of fruits of wide natural diversity

(Schauer et al. 2005a) in the design of rational breeding

strategies. The presentation also focussed on the linking of
chemical composition data with morphological pheno-

types, which corroborated with earlier findings (Fridman

et al. 2004, 2005) in suggesting that the efficiency of

assimilate partitioning to the fruit plays a major role in

determining its final chemical composition (Schauer et al.

2006).

The fourth day began with a talk on carbon balances

during diurnal cycles (Bläsing et al. 2005, Gibon et al.
2004, Osuna et al. 2007) and in response to nutrient

supply (Morcuende et al. 2007) and global climate

change (Ainsworth et al. 2007, Rogers et al. 2006). This

talk was followed by an introduction to information

theory given by Ivo Grosse (IPK, Gatersleben). This

lecture gave a trajectory of the key developments in

information theory and clear definitions and examples

illustrating the importance of entropy, conditional
entropy and mutual information. Heiko Schoof (Max-

Planck-Institut für Zuchtungforschung [MPIZ], Köln)

then presented tools for database interaction. His talk

centred around the BioMoby initiative (Schoof 2003,

Wilkinson et al. 2005) that aims to provide a simple,

extensible platform through which the myriad of online

biological databases and analytical tools can offer their

information and analytical services in a fully automated
and interoperable way. Schoof presented examples from

his own work that illustrated the utility of this tool by

giving examples of the aggregation of data on, e.g.

a given gene (on the basis of its assigned AtG number) or

cross species comparisons across genomes and illus-

trating the advantage of being able to utilise databases

without having to store them locally on the researchers

computer. The day concluded with an overview of tools
for higher level statistical analysis given by Joachim

Selbig (UP and MPIMP, Potsdam-Golm), the content of

which is reviewed in another article in this issue (Steinfath

et al. 2008).

Another perspective of network analysis was pre-

sented by Dirk Walter (MPIMP) on the fifth day as was an

overview of the forces that drive RNA folding by

Sebastian Doniach (Stanford University, USA; Das
et al. 2003). In his lecture, Walter gave a complementary

talk to that of Ralf Steuer, beginning by defining graph

theory, connectivities and centralities and random vs

scale-free networks (Barabasi and Oltvai 2004, Junker

et al. 2006), before detailing their application to the

analysis of biological systems. Walter ended his talk by

presenting a list of hot topics and future challenges that

included obtaining a greater understanding of the

evolution of genetic networks (Walther et al. 2007) and

their response to stress (Luscombe et al. 2004). The rest of

this day was spent with the teaching of computational

aspects of metabolite profiling (detailed in Hands-on

sessions).
The next day consisted of four lectures and further

computer-based tutorials. It was kicked off with an

overview of structural elucidation of secondary metabo-

lites, which was presented by Ales Svatos (MPICE, Jena).

In his talk, Svatos gave several nice examples of

compound identification including indolics and phenyl-

propanoids of Arabidopsis and camalexin as well as

identification of hydrocarbons in the sheep tick (Saman
et al. 2006, Schuhegger et al. 2006, Tan et al. 2004). The

analytical approaches he discussed included difference

fragmentation by the application of a range of ionisation

sources and single-ion monitoring and tandem MS

approaches. Complementary approaches such as gas-

phase Fourier transform infrared and NMR were also

discussed with respect to lipid analysis. The second

lecture was more applications based, being concerned
with the use of metabolomics in food quality and safety

assessments. It was given by Paul Fraser (Royal Holloway,

UK) and ranged from definitions of the compounds

associated with quality traits in foods and the technique of

choice by which to evaluate them, through detailed

descriptions of carotenoids and flavonoids, including

description of a novel matrix-assisted laser desorption

ionisation–time of flight mass spectrometry method for
rapid quantification of the former (Fraser et al. 2007), to

the concept and practicalities of substantial equivalence

testing. In his discussion of substantial equivalence,

Fraser used transgenic tomato modified in a number of

enzymes of carotenoid metabolism (Romer and Fraser

2005), to illustrate the role that metabolomics could play

in evaluation of food safety. Juergen Kroymann (MPICE,

Jena) presented an overview of how natural variation can
be exploited to integrate metabolomics with genomics.

He described how they were able, in their own work, to

map genes responsible for qualitative and quantitative

differences in glucosinolate biosynthesis among Arabi-

dopsis accessions. Subsequent comparative genomic

approaches allowed them to conclude that a locus central

to diversification in glucosinolate profiles,MAM, evolved

dynamically within and between species (Heidel et al.
2006, Kliebenstein et al. 2005, Kroymann et al. 2003,

Windsor et al. 2005). The final talk in this session was

presented by Edda von Roepenack-Lahaye (IPB, Halle). In

her talk, von Roepenack-Lahaye focused on Metabolo-

mic Profiling of secondary metabolites. At the IPB, a LC–

electron spray ionisation mass spectrometry (ESI-MS)

platform has been developed based on capillary LC and
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quadrupole time of fight technology, allowing the

combination of accurate mass and high sensitivity. This

system enables to cover five of the six secondary meta-

bolite classes in Arabidopsis (glucosinolates, indolics,

phenylpropanoids, flavonoids and anthocyanins). von

Roepenack-Lahaye highlighted the importance of system
and data validation, stressing the point of matrix effects in

ESI-MS. A ‘proof of concept experiment’ was presented

using the transparent testa mutants in Arabidopsis with

defects in the already well-elucidated flavonoid pathway.

The talk concluded with examples of metabolomic

analyses in Arabidopsis treated with biotic and abiotic

stress.

The sixth day of the workshop started with a talk
from Winnie Weschke (IPK, Gatersleben) describing a

genomics-based analysis of seed development in barley

(Borisjuk et al. 2004, Sreenivasulu et al. 2006, Zhang

et al. 2004). It continued with a talk outlining the

emerging field of evolutionary genomics presented by

Karl Schmidt (MPICE, Jena). In his lecture, Schmidt

attempted to address two major questions – ‘how does

metabolism evolve?’ and ‘why?’. He began by show-
ing phylogenetic diversity of alkaloid production (see

Facchini et al. 2004) and then detailed which genetic

mutations produce metabolic diversity (Ober 2005).

Particular focus was on the evolution of functionalities

following gene duplication, returning to the subject of

glucosinolate biosynthesis (Benderoth et al. 2006,

Kliebenstein et al. 2001). However, detailed explanations

of the analysis of natural vs adaptive selection were also
presented using the floral scent gene isoeugenol-O-

methyltransferase as an example (Barkman 2003). This

talk was followed by a talk entitled ‘Beyond Metabolo-

mics’, given by Steffen Neumann, which first covered the

processing steps for LC-MS-based metabolomics and

gave an overview of the vendor-independent XML

exchange standard mzData for MS peak data. He

emphasised the need for open-source MS and metab-
olomics frameworks. Finally, he suggested that future

developments should allow the connection of distributed

databases and web services to facilitate integration of

different -omics data sources and pathway databases. The

session was concluded with an outlook into molecular

ecology by Ian Baldwin (MPICE, Jena) in which the

central role of understanding performance of organisms

in their natural environments to the process of under-
standing gene function was highlighted (Kessler et al.

2004, Pandey and Baldwin 2007). Following this session,

the workshop travelled a short distance to the functional

genomics company Metanomics GmbH. The session

held there provided the students with a deep insight into

the applications of metabolomics at an industrial scale.

High-throughput metabolite profiling for genome-wide

gene function analysis was introduced and exemplified

as a key approach for lead gene discovery, both for

compositional and agronomic traits. Future trends were

highlighted, indicating the increasing value of metab-

olomics as a key component of systems biology, in

models and crops, for lead gene selection and commer-
cial crop development.

The final day of the workshop contained only a single

lecture, with the rest of the time reserved for hands-on

experimentation and computation. Fittingly, this lecture

was given by Sean May (Nottingham Arabidopsis Stock

Centre [NASC], Nottingham, UK) and covered standards

and ontologies for Arabidopsis research. May presented a

highly detailed survey, starting with the problem of
hypervariability in biological replicates as well as

covering good laboratory practice, the need for con-

trolled vocabularies and how to search the NASC arrays.

He also underlined the take-home message from Nigel

Hardy’s talk that standards are crucial in all postgenomics

research.

Hands-on sessions

As briefly defined above, the experimental set up was to

spray 33-day-old Arabidopsis plants with Roundup Ultra

(360 g glyphosate l21) and determine its impact on

metabolism. The treatment was started 4 h into the light

period, and plants were harvested, washed and snap-

frozen in liquid nitrogen, at time points 1, 2, 4, 6 and 8 h

post-treatment. Two herbicide concentrations (2 and
20 ml l21) and untreated control samples were harvested

for each time point. This experiment was performed two

times, once during the preparation of the course by the

technical staff of the MPIMPand once by the participants

during the course, allowing verification of the results. The

frozen material was homogenised using a ball mill, and

appropriate aliquots were distributed to the contributing

institutes for measurement on the various analytical
platforms used in the course.

Experimental design, sample harvest, extraction and,

where necessary, derivatization were practised, and

additional injection of the samples onto the GC-MS was

demonstrated.

Following the wet laboratory work, a detailed teaching

of GC-MS chromatogram evaluation (and the pitfalls

inherent in it) was provided as were overviews of LC-MS
and traditional HPLC approaches, not only with partic-

ular emphasis on peak alignment, peak quantification

and biological interpretation, but also including funda-

mental lesions on computer scripts and an introduction

into the R software suite. Finally, an introduction and

practical demonstration of the LCQ-Orbitrap was given

by Patrick Giavalisco (MPIMP, Potsdam-Golm), which
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gave a glimpse of what can be expected to emerge soon as

a highly powerful tool in plant metabolomics.

Experimental results

Soil grown Arabidopsis plants were treated with the
herbicide formulation, Roundup Ultra, 3 weeks after

germination. A scheme of the experimental design and

the set up of harvest, analyses and evaluation is presented

in Fig. 1. The results obtained from the experiment are

presented in Figs 2–4. In targeted analysis by HPLC-

photodiode array detector (PDA), the absolute values of

18 amino acids were determined. During the time course

of the experiment, significant changes were observed in
the levels of almost every metabolite, with the exception

of aspartate and serine (Fig. 2). The content of individual

amino acids was mostly increased, with the exception of

reduced values for phenylalanine during herbicide

treatment. In general, the changes in amino acid

concentration were gradual and became more pro-

nounced during the time following treatment and with

higher amount of herbicide treatment; however, phenyl-
alanine, methionine, arginine and the branched-chain

amino acids, leucine, isoleucine and valine, all displayed

differences within the first hour of treatment. The

decrease in phenylalanine and increase in amino acids

of competing pathways fitted the known mode of action

of the herbicide (Amrhein et al. 1980, DeMaria et al.

2006) as well as previous descriptions of its consequences

on metabolism (Aliferis and Chrysayi-Tokousbalides
2006, Oikawa et al. 2006, Ott et al. 2003). However, in

contrast to the large impact on amino acid levels,

glyphosate had little influence on glucosinolates. Tar-

geted HPLC profiling revealed that while there were

minor changes in the quantities of individual glucosino-

lates, there were very little differences in the total levels of

indole and aliphatic glucosinolates, as well as in the level

of total glucosinolates during the experiment (Fig. 2). The
application of non-biased approaches of GC-MS and LC-

MS profiling and subsequent analysis by independent

component analysis (Scholz et al. 2004) revealed that

using GC-MS profiling, it was relatively difficult to

discriminate (Fig. 3A) treated from untreated samples in

contrast to the targeted approach (Fig. 3B). Results of the

independent component analysis indicate that the use of

LC-MS (Fig. 3C) on first glance appears to give far better
discriminatory power relative to the GC-MS approach.

Metabolite phenotypes indicate a non-linear dose- and

time-dependent response to the herbicide treatment.

However, a close analysis of the raw data (see Supple-

mentary material Tables S1–S4) reveals that profiling is

dominated by herbicide formulation additives, which

superimpose classification according to metabolites.

Returning to the clustering of the GC-MS data, an

interesting point to note is that among the most highly

defining components are changes in aromatic amino

acids and shikimate (Fig. 3A). This is in accordance with

the known mode of action of Roundup, as well as being in

accordance with the results of the targeted amino acid
analysis. A more detailed comparison of the targeted

exact quantifications of individual amino acids using

HPLC-PDA and metabolite fingerprinting using GC-MS is

shown in Fig. 4. In general, similar results were obtained

when comparing average values normalised to control

values 1 h after incubation. However, differences in amino

acid kinetic profiles were clearly less pronounced when

using GC-MS profiling (Fig. 4B) compared with HPLC-
based targeted analysis (Fig. 4A). In addition, RSD levels

were higher for results coming from GC-MS analysis relative

to relative standard deviation (RSD) levels coming from

HPLC data, leading to reduced significance values for

kinetic profiles from GC-MS analysis. Our findings within

the experiments discussed above are in accordance to the

results described by Noctor et al. (2007). In this study,

a comparison of amino acid quantification based on GC-
TOF-MS and HPLC-fluorescence detection was performed

for Arabidopsis leaf extracts. As a result, similar levels of

biological variation have been observed for both techni-

ques, with significantly smaller RSD values for results

obtained by HPLC analysis. In addition, more variable

recovery rates for standards were observed when using GC-

MS analysis relative to HPLC analysis, and accurate relative

quantification gave consistent values for a number of amino
acids but differs for some others. Besides this drawback,

a clear advantage of the non-targeted approach is the

detection of less commonly occurring amino acid residues,

e.g. homoserine and pyroglutamate as well as low-

abundant amino acids such as methionine.

When taken together, the results of this study also

suggest that glucosinolate levels are not overly influenced

by the supply of amino acid precursors. This finding is
highly interesting, however, not without precedent

because there are several other examples in which levels

of secondary metabolites do not appear to be regulated by

substrate supply (see, e.g. Tieman et al. 2006). The

observation that the LC-MS results were drastically

effected by using the commercial formulation Roundup

(Monsanto) was on one hand unfortunate; on the other

hand, it clearly demonstrates the power of metabolomics
as a tool in experimental design. Essentially, without the

LC-MS analyses, we would not have picked up this basic

point. Nevertheless, in practice, glyphosate is applied in

formulation, and thus, the changes in ‘metabolites’ other

than those applied are of value in understanding detailed

short-term metabolic consequences of the application of

this herbicide. As the experiment was designed as
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Fig. 2. Kinetic changes of amino acid and selected glucosinolate profiles following spraying with different concentrations of Roundup. Amino acids were

determined from ethanol/water extracts by HPLC-PDA, as described in Geigenberger et al. (1996). Values represent means � RSD of three independent

experiments and are given in nmol g21 fresh weight. GS were determined in six biological replicates following HPLC separation, as described in Kroymann

et al. (2001). Values represent least squares means � SE and are given in mmol g21. GS, glucosinolates; T, treatment.
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a classroom exercise, as opposed to a scientific study, we
will not dwell on the novel results here but rather invite

the interested reader to download the raw data from

Supplementary material (Tables S1–S4).

Concluding remarks

We feel that we can safely state that the 2006

PlantMetaNet ETNA Metabolomics Research School
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Fig. 3. Independent component analysis of a GC-TOF-MS (A) and a LC-ESI-quadrupole time of fight (QTOF)-MS/MS (C) metabolite profile compared with

the set of metabolite-targeted exact quantifications (B). Soil grown Arabidopsis plants were treated with the herbicide formulation, Roundup Ultra,

3 weeks after germination. Sample harvest and targeted metabolite analysis was performed as described in Figs 1 and 2. Metabolite profiling by GC-TOF-
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(ICA; Scholz et al. 2004) was applied to the metabolite fingerprints, i.e. all mass spectral information available prior to metabolite identification from both
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was a highly successful gathering of expert researchers

and interested and highly motivated early career scien-

tists. Despite current expectations for a metabolite pro-
filing experiment to be performed over a far greater time

period, it was possible using a simple experimental

design to conduct the experiment in its entirety during the

10 day framework of the course. Indeed, feedbacks from

the participants were highly positive, indicating that they

felt the course aided them both in understanding aspects

of metabolite profiling from plant to data interrogation as

well as to make important contacts, both between
themselves and within the metabolomics community in

general. The forum set up by the participants, http://

www.biosolutions.nl/forum/forum.cgi, reflects this, with

over 1600 accesses as of 1 October 2007. Moreover, the

first joint experiment encompassing all the institutes of

the PlantMetaNet was achieved. It is furthermore likely,

given the range of instrumentation used in acquiring it,

that the hierarchical data set obtained from these studies
could be a rich data set for future data-mining studies. Not

uncommonly in biological science, the course also

reminded us that however simple we believe an

experiment to be, there is often still a lot to be learnt.
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learnt a lot from our next generation of plant researchers and

firmly believe that the knowledge and experiences transferred

during the summer school is in the right hands to gain new

insights and to answer relevant biological questions.

References

Ainsworth EA, Rogers A, Leakey ADB, Heady LE, Gibon Y,

Stitt M, Schurr U (2007) Does elevated atmospheric [CO2]

alter diurnal C uptake and the balance of C and N

metabolites in growing and fully expanded soybean

leaves? J Exp Bot 58: 579–591

Aliferis KA, Chrysayi-Tokousbalides M (2006) Metabonomic

strategy for the investigation of the mode of action of the

phytotoxin (5S,8R,13S, 16R)-(-)-pyrenophorol using 1H

nuclear magnetic resonance fingerprinting. J Agric Food

Chem 54: 1687–1692

Amrhein N, Schab J, Steinrucken HC (1980) The mode of

action of glyphosate. Naturwissenschaft 67: 356–357

Balko S, Lange M, Schnee R, Scholz U (2004) BioDataServer:

an applied molecular biological data integration service.

In: Leser U, Naumann F, Eckman B (eds) Data Integration

in the Life Sciences. Proceedings Lecture Notes in

Bioinformatics. Springer, Berlin, pp140–155

Barabasi AL, Oltvai ZN (2004) Network biology:

understanding the cell’s functional organization. Nat Rev

Genet 5: 105–115

Barkman TJ (2003) Evidence for positive selection on the

floral scent gene isoeugenol-O-methyltransferase. Mol Biol

Evol 20: 168–172

Baxter CJ, Redestig H, Schauer N, Repsilber D, Patil KR,

Nielsen J, Selbig J, Liu JL, Fernie AR, Sweetlove LJ (2007)

The metabolic response of heterotrophic Arabidopsis cells

to oxidative stress. Plant Physiol 143: 312–325

Benderoth M, Textor S, Windsor AJ, Mitchell-Olds T,

Gershenzon J, Kroymann J (2006) Positive selection driving

diversification in plant secondary metabolism. Proc Natl

Acad Sci USA 103: 9118–9123

Bino RJ, Hall RD, Fiehn O, Kopka J, Saito K, Draper J,

Nikolau BJ, Mendes P, Roessner-Tunali U, Beale MH,

Trethewey RN, Lange BM, Wurtele ES, Sumner LW (2004)

Potential of metabolomics as a functional genomics tool.

Trends Plant Sci 9: 418–425
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Four supplementary files are provided for this paper,

which represent the underlying numerical data used for

the independent component analyses of Fig. 3 and the

comparison shown in Fig. 4.

Tables S1–S3 These files represent non-paired analyses

of samples taken from the same time course and dose-

dependency experiments. Each file contains underlying
numeric experimental data (profile sheet) containing

log10-transformed response ratios based on row medians.

Sample labels of all participating laboratories and

respective metabolite or mass fragment identifications

are included.

Table S4 This file comprises underlying numerical data

used for the comparison of targeted and non-targeted

amino acid analysis represented in Fig. 4. Data sheets
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contain average values normalised to control values 1 h

after incubation and RSD.

This material is available as part of the online article

from: http://www.blackwell-synergy.com/doi/abs/10.1111/

j.1399-3054.2007.00990.x

(This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible

for the content or functionality of any supplementary

material supplied by the authors. Any queries (other than

missing material) should be directed to the corresponding

author for the article.
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Abstract Glucosinolates display an enormous amount

of structural variation, both within and between species.

This diversity is thought to have evolved in response

to challenges imposed on plants by their biotic envi-

ronment. During the past decade, glucosinolates and

myrosinase-catalyzed glucosinolate hydrolysis have

become excellent examples for understanding functional

diversification in plant secondary metabolism and plant

defence. Methylthioalkylmalate (MAM) synthase genes

and enzymes are central to the diversification of aliphatic

glucosinolate structures in Arabidopsis thaliana and

related plants. This review summarizes efforts to

elucidate how MAM-mediated diversity in aliphatic

glucosinolate structures is generated and maintained. It

also attempts to put variability in methionine carbon

chain elongation during glucosinolate biosynthesis into

an ecological and evolutionary context.

Keywords Complex traits � Evolutionary

dynamics � Glucosinolate metabolism �
Natural variation � Plant–insect interactions

Abbreviations

IPMS Isopropylmalate synthase

MAM Methylthioalkylmalate synthase

NIL Near-isogenic line

QTL Quantitative trait locus/loci

RIL Recombinant inbred line

Introduction

Glucosinolates and myrosinases are almost exclu-

sively found in plants from the order Capparales. This

order consists of more than a dozen families,

including the Brassicaceae and the Capparaceae

(Rodman 1991a, b; Rodman et al. 1996). More than

130 different glucosinolates have been characterized;

however glucosinolate composition varies remark-

ably between and within species (Daxenbichler et al.

1991; Fahey et al. 2001; Kliebenstein et al. 2001a;

Windsor et al. 2005; Heidel et al. 2006). In Arabid-

opsis thaliana, nearly 40 different glucosinolates

have been identified (Kliebenstein et al. 2001a;

Reichelt et al. 2002). These glucosinolates are gen-

erated from methionine, tryptophan or phenylalanine,

with methionine-derived (aliphatic) glucosinolates

being the predominant glucosinolate class repre-

sented in A. thaliana.

Comparative analyses of glucosinolate profiles

among Arabidopsis accessions reveal extensive qual-

itative and quantitative variation (Kliebenstein et al.

2001a; Pfalz et al. 2007). Quantitative trait locus
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(QTL) mapping studies in various Arabidopsis recom-

binant inbred line (RIL) populations (Magrath et al.

1994; Mithen et al. 1995; Campos de Quiros et al.

2000; Kliebenstein et al. 2001b, c; Keurentjes et al. 2006;

Wentzell et al. 2007) show consistently that two

major genetic loci, methylthioalkylmalate (MAM)

and AOP (Fig. 1), account for most of the variability

in aliphatic glucosinolate structures. Enzymes

encoded at AOP are responsible for the modification

of the side chain structure (Kliebenstein et al. 2001b),

while the MAM locus (also referred to as ELONG,

GS-ELONG or GSL-ELONG) controls variability in

aliphatic glucosinolate carbon chain length.

MAM encodes a small family of MAM synthases

(Kroymann et al. 2001, 2003; Benderoth et al. 2006) in

A. thaliana and related Brassicaceae. MAM synthases

catalyze the condensation of x-methylthio-2-oxoalka-

noic acids derived from methionine with acetyl-CoA to

form methylthioalkylmalic acids. Subsequent isomeri-

zation and oxidative decarboxylation reactions lead to

the generation of x-methylthio-2-oxoalkanoic acids

with extended carbon chains (Fig. 2). Together, con-

densation, isomerization and oxidative decarboxylation

are referred to as the methionine carbon chain elonga-

tion cycle, with an extension of one methylene group per

cycle. MAM substrate specificity (Table 1) determines

whether the reaction products of a given cycle enter the

biosynthetic pathway generating the glucosinolate core

structure or whether they undergo additional cycles of

carbon chain elongation. A. thaliana MAM1 and

MAM2 are involved in the formation of aliphatic

glucosinolates with short carbon chains (Kroymann

et al. 2001; Textor et al. 2004; Benderoth et al. 2006),

while MAM3 catalyzes condensation reactions in the

biosynthesis of aliphatic glucosinolates with long

carbon chains (Field et al. 2004; Textor et al. 2007;

Knoke et al. 2008). MAM synthases determine vari-

ability during the earliest stage of aliphatic glucosinolate

biosynthesis and play a central role in glucosinolate

diversity. Hence, evolutionary forces acting on MAM

have a fundamental impact on aliphatic glucosinolate

composition.

Fig. 1 QTL for aliphatic glucosinolates in seeds from

Col-0 9 Ler RILs. Top: The MAM locus on chromosome five

influences the quantity of all aliphatic glucosinolates.

3-hydroxypropyl (3OHP), 3-methylsulfinylpropyl (3MSOP),

3-methylthiopropyl (3MTP) and 3-benzoyloxypropyl (3BZO)

originate from homomethionine (3C), 4-hydroxybutyl (4OHB),

4-methylsulfinylbutyl (4MSOB), 4-methylthiobutyl (4MTB)

and 4-benzoyloxybutyl (4BZO) from dihomomethionine (4C),

7-methylsulfinylheptyl (7MSOH) and 7-methylthioheptyl (7MTH)

from pentahomomethionine (7C) and 8-methylsulfinylocytyl

(8MSOO) and 8-methylthiooctyl (8MTO) from hexahomomethi-

onine (8C). Bottom: Additive genetic effects for homo- and

pentahomomethionine-derived glucosinolates are opposite to those

for dihomo- and hexahomomethionine-derived glucosinolates.

QTL mappingwasconducted with Windows QTL cartographer 2.5

(Wang et al. 2001–2004) and is based on log-transformed HPLC

data from 297 Col-0 9 Ler RILs (John D’Auria and Juergen

Kroymann, unpublished data). For all traits, the significance

threshold was*2.5 LOD units, based on 1,000 permutations of the

data
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Cloning of the MAM QTL

The widely used A. thaliana accession Landsberg

erecta (Ler) accumulates homomethionine-derived

(3C) glucosinolates. In contrast, aliphatic glucosino-

lates in Columbia (Col-0), recognized for having

provided the blueprint of the Arabidopsis genome

(Arabidopsis Genome Initiative 2000), originate

mainly from dihomomethionine (4C). This biochem-

ical difference between Col-0 and Ler enabled initial

mapping of the responsible genetic locus to a region of

approximately 140 kb on chromosome 5 (Magrath

et al. 1994; Campos de Quiros et al. 2000). Within this

region, two tandemly arranged genes were identified as
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Fig. 2 The methionine carbon chain elongation cycle. MAM

synthases encoded at the MAM locus catalyze the committed

step in methionine carbon chain elongation. Two subsequent

reactions, an isomerization and an oxidative decarboxylation

complete a cycle. MAM substrate specificity (Table 1)

determines whether x-methylthio-2-oxoalkanoic acids remain

in the carbon chain elongation cycle or enter the biosynthetic

pathway that generates the glucosinolate core structure. Here,

all reactions occurring in A. thaliana are depicted; in other

Brassicaceae fewer or more cycles are possible
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candidates, based on their sequence similarity with

isopropylmalate synthase (IPMS) genes. IPMS cata-

lyzes the condensation of 2-oxoisovalerate with acetyl-

CoA to form isopropylmalate in leucine biosynthesis, a

reaction similar to the MAM-catalyzed condensation

of x-methylthio-2-oxoalkanoic acids with acetyl-CoA

in glucosinolate biosynthesis. The two candidate genes

were termed MAM1 and MAM-L (meanwhile often

referred to as MAM3), respectively (Kroymann et al.

2001).

In the Col-0 accession, MAM1 and MAM3 are

separated by ca. 11.5 kb of intervening sequence.

High-resolution mapping was employed to separate

functional effects of these candidate genes. Col-0 was

crossed with CL5, an RIL from the Col-0 9 Ler

population (Lister and Dean 1993). This particular line

was chosen because it shared approximately 70% of its

genome with the Col-0 accession but has the Ler allele

at the MAM locus, thus enabling fine-mapping with

near-isogenic lines (NILs). In Col-0 9 CL5 F2 prog-

eny one line was identified that had recombined

between MAM1 and MAM3. This recombinant line

had the Col-0 MAM1 genotype and was heterozygous

at MAM3. Its glucosinolate phenotype resembled the

parental Col-0 profile closely, with 4C glucosinolates

predominating. Likewise, progeny from this line

produced mainly 4C glucosinolates when they had

the Col-0 MAM1 and the Ler MAM3 genotype. Hence,

the biochemical difference in short-chain aliphatic

glucosinolate composition was attributable to MAM1

and not MAM3 (Kroymann et al. 2001). Further

evidence for the role of MAM1 in methionine carbon

chain elongation was obtained with MAM1 mutants,

deficient in dihomomethionine-derived glucosinolates

(Haughn et al. 1991), and with biochemical assays of

heterologously expressed MAM1, which showed that

the encoded protein has the capacity of condensing

x-methylthio-2-oxoalkanoic acids with acetyl-CoA

(Kroymann et al. 2001; Textor et al. 2004; Benderoth

et al. 2006).

Origin of MAM genes

Several groups of enzymes catalyze condensation

reactions between 2-oxo acids and acetyl-CoA. These

enzymes belong to enzyme class EC 2.3.3.-. Exam-

ples are citrate synthase (EC 2.3.3.1), which

condenses oxaloacetate with acetyl-CoA in the TCA

cycle, malate synthase (EC 2.3.3.9), which is respon-

sible for the condensation of glyoxylate with acetyl-

CoA in the glyoxylate cycle, and 2-IPMS (EC

2.3.3.13) involved in leucine biosynthesis.

Among the genes that encode enzymes of class EC

2.3.3.-, MAM genes share the highest degree of

sequence similarity with 2-IPMS genes. Phylogenetic

analyses reveal a close relationship between MAM and

IPMS genes, with MAMs having evolved from IPMS

(Fig. 3). Similar gene structures of MAM and IPMS

corroborate this close relationship; most intron posi-

tions are identical in MAM and IPMS (Kroymann et al.

2001). However, the first IPMS exon corresponds to the

first two exons in MAM genes, and the last four IPMS

exons are fused to a single exon in MAMs. Exon fusion

was accompanied with a net loss of ca. 250 bp in the 30

portion of MAM genes, and may have functional

significance since this region encodes a conserved

allosteric leucine binding site in IPMS (de Kraker et al.

2007). As a consequence, Arabidopsis IPMS genes

consist of 12 exons and MAM genes of 10 exons, with

IPMS exons 2–8 and MAM exons 3–9 corresponding to

one another (Fig. 4). Furthermore, all MAM genes

encode an N-terminal plastid targeting signal (Kroy-

mann et al. 2001), suggesting that methionine carbon

chain elongation occurs—like leucine biosynthesis

(Hagelstein and Schultz 1993)—in the plastids, a

Table 1 MAM substrate

specificities in glucosinolate

biosynthesis

Assays were conducted with

heterologously expressed

MAM genes and generic

and/or artificial substrates

MAM synthase Substrates Elongation cycle(s) References

A. thaliana MAM1 2C, 3C, (4C) 1, 2, (3) Kroymann et al. (2001),

Textor et al. (2004),

Benderoth et al. (2006)

A. thaliana MAM2 2C 1 Benderoth et al. (2006)

A. thaliana MAM3 2C–7C 1–6 Textor et al. (2007),

Knoke et al. (2008)

A. lyrata MAMa 2C 1 Benderoth et al. (2006)

B. stricta MAMa
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Arabidopsis cebennensis MAMa

Arabidopsis lyrata ssp. lyrata MAMa

Arabidopsis lyrata ssp. petraea MAMa

Brassica oleracea IPMS (BoGSL-PRO, B21F5.11)

Brassica insularis IPMS

Arabidopsis thaliana (Sorbo) MAM3
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Boechera divaricarpa MAMb
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Arabidopsis lyrata ssp. petraea MAMb

Arabidopsis thaliana (Col) MAM3 (At5g23020)

Arabidopsis thaliana (Col) MAM1 (At5g23010)

Arabidopsis thaliana (Sorbo) MAM1

Arabidopsis thaliana (Ler) MAM2

Arabidopsis thaliana (Sorbo) MAM2

Arabidopsis thaliana IPMS a (At1g18500)

Solanum pennellii IPMS b

Oryza sativa IPMS a (Os12g0138900)

Oryza sativa IPMS b (Os11g0142500)

Zea mays IPMS

Ostreococcus lucimarinus IPMS

Ostreococcus tauri IPMS (Ot01g05170)

Arabidopsis thaliana IPMS b (At1g74040)
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Solanum pennellii IPMS a
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Fig. 3 Bayesian phylogenetic analysis of MAM and IPMS

sequences. Amino acid sequences were aligned with ClustalW.

Target peptides and alignment gaps were excluded. The tree

was constructed with MrBayes v 3.1.2 (Huelsenbeck and

Ronquist 2001) using a mixed amino acid substitution model

approach. Data structure was best explained by the wag-model

(Whelan and Goldman 2001) with a posterior probability of

1.000. The Markov-Chain-Monte-Carlo simulation was

performed in three parallel runs with four chains each for

1,000,000 iterations with a sample frequency of 200 and a

burnin fraction of 0.05. Convergence diagnostic over all three

runs (PSRF) was 1.000. Shown are posterior probabilities for

all internal nodes. Note that Medicago truncatula IPMS is

incorrectly annotated in the databases; here, a corrected

annotation was assembled from clone mth2-19b5 for alignment

and tree construction
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prediction corroborated by the demonstration of MAM

activity in chloroplast-enriched extracts of Eruca

sativa leaves (Falk et al. 2004) and by recent immu-

nolocalization experiments with MAM3 antibodies

(Textor et al. 2007).

Database searches reveal that IPMS genes are

present in eubacteria and archaebacteria, in green

algae, higher plants, and fungi, but are absent in

animals. Among the prokaryotes, IPMS genes from

cyanobacteria appear to be most closely related to

those from higher plants and green algae (Fig. 5),

suggesting that plant IPMS genes originate from the

cyanobacterial endosymbionts that gave rise to plas-

tids, with a transfer of the cyanobacterial/plastid copy

to the plant nucleus (Martin and Herrmann 1998).

Variability in the genetic composition of the MAM

locus in A. thaliana

To elucidate the genomic basis of carbon chain

length control, MAM genes and flanking DNA were

sequenced from 25 Arabidopsis accessions randomly

selected from the species’ natural distribution (Kroy-

mann et al. 2003). This comparative analysis revealed

extensive variation in the molecular composition of the

MAM locus among Arabidopsis accessions (Fig. 6). In

addition to MAM1 and MAM3, which are present in

Col-0, other accessions harbored a third gene, referred

to as MAM2 (Kroymann et al. 2003). Sequence

comparison enabled the reconstruction of the arche-

typical configuration of the MAM locus in A. thaliana,

consisting of tandemly arranged MAM2, MAM1 and

MAM3 genes, all transcribed in the same direction.

However, secondary gene deletions have occurred

frequently in the history of the A. thaliana MAM

cluster. In some accessions (including Col-0) the

MAM2 gene was deleted. In other accessions, the

MAM1 gene was deleted, either partially, involving

promoter and 50-portion of the coding sequence (e.g. in

Ler), or completely. Finally, the Lm-2 accession

contains a chimerical gene with 50 MAM2 fused to 30

MAM1 sequence, possibly caused by a deletion of the

intervening region. Nonetheless, in contemporary

accessions at least one of these genes has been retained.

Likewise, all tested natural accessions contain a

functional MAM3 gene.

Sequence exchange between MAM1 and MAM2

genes is another factor contributing to variability in

the gene composition of the MAM locus. In some

accessions, sequence transfer has occurred from

MAM2 to MAM1, in others sequence portions have

been shifted from MAM1 to MAM2. In the most

extreme cases, represented by two accessions from

Tajikistan (Hodja and Condara), the gene at the

position originally occupied by MAM1 has been

almost completely converted to a MAM2-like gene.

However, another accession from Tajikistan, Sorbo,

was not affected by gene deletion or conversion

events. This accession has functional MAM2 and

Os IPMS
(Os12g0138900)

Col-0 IPMS a
(At1g18500) 

Col-0 MAM1
(At5g23010)

Col-0 MAM3
(At5g23020)

500 bp
Bo IPMS
(BoGSL-PRO)

Bo MAM
(BoGSL-ELONG)

* ** ***

Fig. 4 Exon-intron

structure of IPMS and MAM
genes. IPMS genes from

higher plants consist of 12,

MAM genes of ten exons.

Differences between

Arabidopsis IPMS and

MAM gene structures

involve the split of IPMS
exon I (*), the fusion and

partial loss of IPMS exons

IX, X and XI (**), and the

loss of IPMS exon XII

(***). Plastid targeting

sequences are represented

by dashed lines. Os, Oryza
sativa; Bo, B. oleracea;

Col, A. thaliana accession

Col-0

Phytochem Rev

123

Marina Pfalz 44 Manuscript III



MAM1 genes and accumulates 4C glucosinolates,

indicating that MAM1 overrides MAM2 function.

Likewise, all accessions with at least one functional

MAM1-like gene accumulate short chain aliphatic

glucosinolates generated from dihomomethionine,

while accessions without a functional MAM1 produce

short-chain aliphatic glucosinolates almost exclu-

sively from homomethionine. Taken together, these

data show that the MAM cluster in A. thaliana is

subject to dynamic evolutionary change.

Quantitative effects of the MAM1/MAM2

polymorphism on glucosinolate profiles

The consequences of the MAM1/MAM2 polymorphism

on Arabidopsis glucosinolate profiles were investi-

gated in a set of NILs, which were developed from Col-

0 9 CL5 progeny with recombination breakpoints in

the vicinity of the MAM QTL (Kroymann et al. 2001,

2003). All individual aliphatic glucosinolates were

found to be influenced by the MAM1/MAM2 polymor-

phism (Fig. 7). Col-0 MAM1 genotypes produced more

aliphatic glucosinolates derived from dihomo- (4C),

trihomo- (5C), tetrahomo- (6C) and pentahomomethi-

onine (7C), while Ler MAM2 genotypes accumulated

larger quantities of homo- (3C) and hexahomomethi-

onine (8C) derivatives. Moreover, the MAM1/MAM2

polymorphism also caused differences in the concen-

tration of total aliphatic glucosinolates, with Ler

MAM2 genotypes accumulating 60% more aliphatic

glucosinolates in leaves and 20% more in seeds than

Col-0 MAM1 genotypes (Kroymann et al. 2003;

Fig. 8).

Even though MAM1 and MAM2 lack the capacity

to catalyze the condensation reactions in advanced

methionine carbon chain elongation cycles (Bende-

roth et al. 2006), the QTL peaked in all cases at an

interval containing MAM1 or MAM2, but not MAM3.

Hence, the MAM1/MAM2 polymorphism influenced

not only aliphatic glucosinolates with short carbon

chains but also affected glucosinolates with long

carbon chains. The biochemical basis for this effect

of MAM1 versus MAM2 on long-chain aliphatic

glucosinolate accumulation is not yet understood.

A complex influence of the MAM locus on gluco-

sinolate profiles was also seen in studies with another

Arabidopsis RIL population, Bay-0 9 Sha (Klieben-

stein et al. 2006; Wentzell et al. 2007). eQTL mapping

and network analysis (further explained in Klieben-

stein 2008) suggest that this influence is, to a certain

degree, caused by changes in transcript levels.

Arabidopsis thaliana IPMS a (At1g18500)

Anabaena variabilis IPMS

Nostoc sp. IPMS

Trichodesmium erythraeum IPMS

Synechocystis sp. IPMS

Gluconobacter oxydans IPMS

Rhodobacter sphaeroides IPMS

Methanocaldococcus jannaschii IPMS

Methanococcus maripaludis IPMS

Aspergillus terreus homocitrate synthase

Solanum pennellii IPMS b

Oryza sativa IPMS a

Oryza sativa IPMS b

Zea mays IPMS

Ostreococcus lucimarinus IPMS

Ostreococcus tauri IPMS

Arabidopsis thaliana IPMS b (At1g74040)

Medicago truncatula IPMS

Solanum pennellii IPMS a

Eudicotyledonae

Liliopsida

Chlorophyta

Cyanobacteria

Alphaproteobacteria

Archaebacteria

0.2 expected changes per site

100%
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Fig. 5 Evolutionary origin of plant IPMS sequences inferred

with Bayesian phylogenetic analysis. Calculations were based

on ClustalW-aligned amino acid sequences. Target peptides

and alignment gaps were excluded. The analysis was con-

ducted as explained in the legend to Fig. 3. Again, data

structure was best explained by the wag-model (Whelan and

Goldman 2001) with a posterior probability of 0.999.

Convergence diagnostic over all three runs (PSRF) was

1.000. Posterior probabilities for all internal nodes are shown
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Ecological consequences of the MAM1/MAM2

polymorphism

Two lepidopteran insects, Spodoptera exigua and

Plutella xylostella, were tested for differences in

larval performance contingent on the genotype at the

MAM locus in Col-0 9 CL5 NILs. S. exigua is

referred to as a generalist due to possession of a broad

host range; it has the ability to feed on a variety of

plants from different families. In contrast, P. xylo-

stella has a narrow host range utilizing almost

exclusively plants from the crucifer family. S. exigua

was found to respond to the MAM1/MAM2 polymor-

phism. Its performance was lower on the MAM2

genotype, and larvae caused approximately 17% less

damage than on the MAM1 genotype (Kroymann

et al. 2003). Again, single marker analysis showed

that the resistance QTL peaked in the interval

containing MAM1/MAM2 but not MAM3 (Fig. 8).

For P. xylostella, no significant difference was found

with ANOVA. Nonetheless, larvae performed on

average better on MAM2 genotypes (Kroymann et al.

2003). Furthermore, re-analysis of this data set with

regression showed that Plutella larval herbivory was

positively correlated with leaf aliphatic glucosinolate

content (Kliebenstein et al. 2005). Hence, the MAM1/

MAM2 polymorphism had contrasting effects on

S. exigua versus P. xylostella. MAM2 genotypes were
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Fig. 7 Single-marker QTL analysis of aliphatic glucosinolates

with different carbon chain lengths in a 205-kb region of the

Arabidopsis genome. Fifty-eight NILs with recombination

breakpoints in the MAM region were assayed for trait values in

leaves (top) and seeds (bottom). QTL for homo- (3C), dihomo-

(4C), trihomo- (5C), tetrahomo- (6C), pentahomo- (7C) and

hexahomomethionine (8C)-derived glucosinolates are centred

at a 15-kb non-recombinant region that contains Col-0 MAM1
or Ler MAM2, but not MAM3. Col-0 MAM1 genotypes produce

more 4C–7C derivatives than Ler MAM2 genotypes. By

contrast, Ler MAM2 genotypes accumulate higher quantities

of 3C and 8C derivatives. Small black triangles show marker

positions based on the Col-0 sequence; the position of MAM1/

MAM2 and MAM3 is indicated. F ratios quantify statistical

significance of a QTL at a given marker position. Note that

leaves contain lower concentrations of glucosinolates than

seeds; therefore, low-abundant glucosinolates are difficult to

detect by HPLC in leaves

ACCESSION PHENOTYPE

Sorbo         4C

Col
Aa-0
Ag-0
Gy-0
Mt-0
Ema-1
Pla-0         

4C

Ler
Bl-0
Di-g
Petergof

3C

Ka-0
Lip-0
No-0
Sei-0
Tsu-0
Wl-0         

3C

Lm-2         4C

Condara
Hodja
Mr-0        

3C

Cvi-0
Cal-0
Di-1        
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MAM1MAM2 MAM3

Fig. 6 Schematic representation of the MAM cluster in Arabid-

opsis accessions. The organization of the MAM cluster is highly

variable. Partial or complete deletions of MAM2 or MAM1 have

occurred frequently. In Lm-2, 50-MAM2 sequence is fused to 30-
MAM1 sequence. Furthermore, sequence information has been

transferred between loci. In Cvi-0, Cal-0 and Di-1, the gene at the

MAM2 position has been partially converted into a MAM1-like

sequence; in Condara, Hodja and Mr-0, MAM1 has been

converted into a MAM2-like gene. All tested accessions have a

MAM3 gene. The predominant aliphatic glucosinolate class is

indicated in the right column (3C: homomethionine-derived, 4C:

dihomomethionine-derived)
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better defended against the generalist insect herbi-

vore, whereas MAM1 genotypes appeared to suffer

less damage from the specialist. However, although

the MAM1/MAM2 polymorphism controls these dif-

ferences in insect performance, it is not yet clear

which biochemical parameter ultimately accounts for

the observed effects, due to the complex influence of

the MAM locus on aliphatic glucosinolate profiles.

Differences in resistance could be attributable to leaf

total aliphatic glucosinolate concentration, levels of

individual glucosinolates, differences in glucosino-

late composition, or any combination of these factors.

Since MAM2 genotypes produced approximately

60% more leaf and 20% more seed glucosinolates

than MAM1 genotypes, this raised the question

whether increased glucosinolate production in the

MAM2 genotype was paid for with a reduction in

plant growth rate. Such allocation costs can occur

when defenses are energetically expensive, so that

genotypes with strong defenses have fewer resources

to invest in growth and reproduction (Purrington

2000; Tian et al. 2003). Therefore, dry weight of

plant rosettes was measured at the pre-reproductive

state. Quantitative analyses indicated the presence of

growth rate QTL upstream and downstream of the

MAM locus, but there was no trace of a significant

genotype effect on biomass accumulation at the MAM

locus itself (Fig. 8, Kroymann et al. 2003; Kroymann

and Mitchell-Olds 2005). Thus, allocation costs

appear to be of minor importance for the MAM1/

MAM2 polymorphism in A. thaliana.

Generation of glucosinolate diversity

Sequencingof the MAM locus fromthe close A. thaliana

relatives A. petraea ssp. lyrata (= A. lyrata), Arabidopsis

petraea ssp. petraea (= A. petraea) and Arabidopsis

cebennensis, and the more distant relative Boechera

divaricarpa revealed that these species all possessed

three MAM genes in the MAM cluster. These genes

were termed MAMa, MAMb and MAMc (Fig. 9,

Benderoth et al. 2006). Phylogenetic analyses showed

that A. thaliana MAM1 and MAM2 originated from the

duplication of a MAMa gene after A. thaliana diverged

from its congeners (Fig. 3). MAMb genes were found to

be orthologous to A. thaliana MAM3. A MAMc does

not exist in the Arabidopsis genome, but is present in

other Arabidopsis species and in Boechera. Hence, this

gene was lost in A. thaliana after divergence from its

congeners.

Analyses of nucleotide substitution patterns

revealed that MAM1 had accumulated an excess of

non-synonymous nucleotide substitutions (i.e., substi-

tutions that alter codon meaning) after the MAMa

duplication, indicating positive (Darwinian) selection.

The biochemical characteristics of MAM1, MAM2

and MAMa were investigated to infer which properties

of MAM1 were targeted by positive selection. MAMa

from A. lyrata and from Boechera stricta (a close

relative of B. divaricarpa), MAM2 from the Arabid-

opsis accession Ler, and MAM1 from the accession

Sorbo were heterologously expressed in Escherichia

coli. Enzyme assays were carried out to investigate

substrate specificity, ATP-, metal ion- and pH depen-

dence (Benderoth et al. 2006). Major differences were

found only for the enzymes’ substrate specificities

(Table 1). A. petraea and B. stricta MAMa, and Ler

MAM2 all utilized 4-methylthio-2-oxobutanoic acid

(2C) for condensation with acetyl-CoA, but none

accepted x-methylthio-2-oxoalkanoic acids with more

than two methylene groups as a substrate. By contrast,

Sorbo MAM1 accepted 4-methylthio-2-oxobutanoic

acid (2C), 5-methylthio-2-oxopentanoic acid (3C) and,

with low activity, also 6-methylthio-2-oxohexanoic
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aliphatic glucosinolates and for resistance against S. exigua
centre at a 15-kb non-recombinant interval containing Ler
MAM2 or Col-0 MAM1. NILs with a Ler MAM2 accumulate

more aliphatic glucosinolates and are more resistant against

Spodoptera than the MAM1 genotype. Two QTL for biomass

accumulation were detected upstream and downstream of the

MAM cluster, but there is no indication for a growth rate QTL

at the MAM genes (Kroymann et al. 2003; Kroymann and

Mitchell-Olds 2005)
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acid (4C) as a substrate. Thus, MAMa and MAM2

function only in the first cycle of carbon chain

extension, whereas MAM1 has acquired additional

capacity to carry out condensation reactions in

subsequent chain elongation cycles, equivalent to a

biochemical neofunctionalization. MAM1 and MAM2

substrate specificities are matched by A. thaliana

glucosinolate phenotypes. Accessions with a func-

tional MAM1 gene accumulate 4C glucosinolates,

whereas accessions without a functional MAM1 (but

with a functional MAM2) generate mainly 3C aliphatic

glucosinolates (Kroymann et al. 2003). Thus, gene

duplication, biochemical neofunctionalization and

positive selection account for the generation of diver-

sity in the carbon chain lengths of aliphatic

glucosinolates in A. thaliana.

The same processes are duplicated along the basal

branches of the MAM gene tree (Fig. 3). MAMa,

MAMb and MAMc have originated by gene duplication

events, and are functionally diversified. MAMa con-

trols short-chain aliphatic glucosinolates (Benderoth

et al. 2006) and MAMb is, like its A. thaliana ortholog

MAM3 (Textor et al. 2007; Knoke et al. 2008),

presumably involved in the biosynthesis of long-chain

aliphatic glucosinolates. However, the function of

MAMc is not yet known. Analyses of nucleotide

substitution patterns indicate positive selection along

the deep branches of the MAM tree, connecting MAMa,

MAMb and MAMc (Benderoth et al. 2006). Hence, the

same events that explain diversity in short-chain

glucosinolates, i.e., gene duplication and biochemical

neofunctionalization, driven by positive selection,

appear to account for the diversification in aliphatic

glucosinolate carbon chain lengths in general.

Dihomomethionine (4C) differs by only one

methylene group from homomethionine (3C). At first

Fig. 9 Organization of the MAM region in A. thaliana
relatives. The MAM cluster contains three genes (MAMa,

MAMb and MAMc) in A. lyrata, A. petraea, A. cebennensis
and B. divaricarpa. The regions flanking MAM are largely

co-linear. For comparison, the archetypical configuration for

A. thaliana is included. Numbers refer to AGI annotations

(Arabidopsis Genome Initiative 2000), and the direction of

transcription is indicated
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glance, this seems to be a minor difference. But the

consequences of this small chemical difference can

be profound when taken within the context of the

glucosinolate-myrosinase system. After methionine

carbon chain elongation and glucosinolate core

structure generation, enzymes encoded at other genetic

loci act to modify the carbon chain (Kliebenstein et al.

2001a, b). These loci are, like MAM, also polymor-

phic in A. thaliana, i.e., they harbour alleles whose

gene products have diverse biochemical activities and

cause different modifications of the aliphatic car-

bon chain. Likewise, modifying proteins like ESP

(Lambrix et al. 2001) and ESM1 (Zhang et al. 2006)

can alter glucosinolate breakdown identity during

myrosinase-catalyzed glucosinolate hydrolysis. Taken

together, different combinations of alleles at glucosin-

olate biosynthesis and hydrolysis loci generate quite

different blends of glucosinolate hydrolysis products

(Kliebenstein et al. 2005), and these may, in turn,

cause different responses in attacking insect herbivores

and other enemies.

Maintenance of glucosinolate diversity

While gene duplication, neofunctionalization and

positive selection contribute to the generation of

metabolic diversity, these processes do not satisfy-

ingly explain how and why this diversity is

maintained. Positive selection on MAM1 indicates

that this gene has provided a fitness advantage to its

carriers after duplication of an ancestral MAMa gene.

MAM1 overrides MAM2 function, and MAM1 has

retained the capacity to function in the first methi-

onine carbon chain elongation cycle (Kroymann et al.

2003; Benderoth et al. 2006). Thus, the MAM2 is not

required to sustain MAM1 activity. Why then is

MAM2 still present in A. thaliana?

It could be possible that MAM2 is in the process of

becoming a pseudo-gene, but that the period after

MAM1 neofunctionalization was too short for a

complete degeneration of MAM2. For two reasons,

this is not likely. First, estimates based on the analysis

of nucleotide substitution rates in the Brassicaceae

(Yang et al. 1999; Koch et al. 2001) suggest that the

MAMa duplication occurred more than 105 generations

ago. Second, a degenerating gene is expected to

accumulate nucleotide substitutions since selection

no longer acts to eliminate deleterious mutations.

Mutations in open reading frames are called synony-

mous when the amino acid sequence remains

unchanged and non-synonymous when the codon

usage is altered. Because of the nature of the genetic

code, a coding sequence has more non-synonymous

than synonymous positions. Therefore, in a degener-

ating gene non-synonymous changes are more likely to

occur than synonymous substitutions. But after cor-

rection for the number of non-synonymous and synon-

ymous positions, the ratio between non-synonymous

and synonymous changes in a degenerating gene is

expected to be close to 1. However, when MAM2 was

compared to A. thaliana MAM1 or A. lyrata MAMa,

MAM2 exhibited an excess of synonymous relative to

non-synonymous changes, indicating purifying selec-

tion (Benderoth et al. 2006). In conclusion, MAM2

function appears to be preserved in A. thaliana.

What else could explain why MAM2 was retained

in A. thaliana? Insect herbivory assays had shown

that NILs with the Ler MAM2 performed ca. 17%

better against S. exigua larvae than lines with the Col-

0 MAM1 (Kroymann et al. 2003). Thus, MAM2 can

provide a selective advantage over MAM1 under

certain conditions. In addition, secondary gene dele-

tion events and exchange of sequence information

between paralogous MAM1 and MAM2 loci have

occurred frequently in the history of A. thaliana

(Fig. 6). Deletion of MAM1 or conversion of MAM1

into a MAM2-like sequence both result in a switch

from a 4C glucosinolate profile to a profile dominated

by 3C glucosinolates. If such a switch occurred in a

local population of plants that were otherwise genet-

ically uniform, this could confer a—temporal—

selective advantage to the novel genotypes, provided

that the local herbivore community was accustomed

to a particular blend of glucosinolates. Since A.

thaliana propagates mostly by selfing and local

populations were founded frequently in the history

of this species, such a scenario is not unlikely, and

might account for the large proportion of derived

genotypes at the MAM locus.

Furthermore, the composition of local herbivore

communities varies temporally, with different classes

of insects—specialists, generalists, and non-feeders

(i.e., herbivorous insects not utilizing glucosinolate-

containing plants as a host)—occurring in different

frequencies over time. This may lead to fluctuating

selection on glucosinolate profiles, with periods during

which phenotypes with a particular glucosinolate
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composition or with high glucosinolate levels increase

in frequency, alternating with periods during which

other types of glucosinolate profiles or low levels are

advantageous. As a consequence, one would expect

some form of equilibrium between different glucosin-

olate phenotypes. Indeed, among 51 Arabidopsis

accessions whose glucosinolate profiles have been

analyzed (Kliebenstein et al. 2001a; Kroymann et al.

2003; Pfalz et al. 2007), 29 produced aliphatic gluc-

osinolates predominantly from homomethionine (3C)

and 22 from dihomomethionine (4C). These data are

not significantly different from the hypothesis that both

phenotypes have equal frequencies in A. thaliana

(N = 51; df = 1, v2 = 1.27, n.s.). Also, two indepen-

dent statistical tests of molecular population genetics

found evidence for balancing selection acting on the

MAM2 gene (Kroymann et al. 2003). Balancing

selection refers to evolutionary scenarios that maintain

more genetic variation in a population than expected

under neutrality (Nordborg and Innan 2002). First, a

positive Tajima’s D indicated significantly more

intermediate frequency nucleotide polymorphisms

segregating at MAM2 than expected (Tajima 1989).

Second, a McDonald and Kreitman test (McDonald

and Kreitman 1991) showed that too many amino acids

segregated in A. thaliana MAM2, when compared to

MAMa from A. lyrata. However, this MAM2 polymor-

phism has no impact on glucosinolate identity

(Kroymann et al. 2003; Benderoth et al. 2006), sug-

gesting that non-neutrality at MAM2 is caused by

selection on glucosinolate quantity and not quality, a

hypothesis that remains to be tested.

While gene duplication, biochemical neofunction-

alization and positive selection account for the

generation of metabolic diversity at the MAM locus,

secondary gene deletions, gene conversion and bal-

ancing selection appear to maintain biochemical

diversity. Of course, deletion of MAM1 and conver-

sion of MAM1 into a MAM2-like sequence are both

one-way streets from an archetypical MAM2–MAM1–

MAM3 configuration. Likewise, deletion of MAM2 or

conversion of MAM2 into a MAM1-like gene both

prevents future switches of chain-length phenotypes.

Therefore, the Arabidopsis MAM locus appears to be

in a process during which paralogous genes are being

sorted among lineages, ultimately leading to plants

that harbor, in combination with MAM3, either a

MAM1 or a MAM2 gene.

Similarities and differences in chain-length

variation between Arabidopsis and Brassica

In Brassica oleracea and other members of the genus,

aliphatic glucosinolates can be generated from homo-,

dihomo- and trihomomethionine (Velasco and Becker

2000). As in A. thaliana, there is natural variation for

homo- versus dihomomethionine-derived glucosino-

lates among different accessions. However, in

contrast to A. thaliana, accumulation of homomethi-

onine- and accumulation of dihomomethionine-

derived glucosinolates do not mutually exclude each

other. Hence, B. oleracea accessions can produce

aliphatic glucosinolates from homomethionine (3C),

dihomomethionine (4C) or from homomethionine

and dihomomethionine (3C + 4C). This biochemical

polymorphism is caused by variation at two different

genetic loci, BoGSL-ELONG and BoGSL-PRO (Mag-

rath et al. 1994; Li et al. 2001). BoGSL-ELONG

harbors a typical MAM gene with ten exons (Fig. 4),

and, in addition, a MAM pseudogene (Li et al. 2001;

Gao et al. 2005). The B. oleracea MAM gene is

closely related to MAM genes from other Brassica-

ceae (Fig. 3). Genetic data indicate that BoGSL-

ELONG is responsible for the generation of dihomo-

methionine-derived glucosinolates (Li and Quiros

2002). However, B. oleracea MAM does not belong

to any of the MAMa, b or c subclades found in A.

thaliana and close relatives (Fig. 3). The second

Brassica locus, BoGSL-PRO, contains a gene with a

typical 12-exon IPMS structure (Fig. 4), and phylo-

genetic analyses support a close phylogenetic

relationship with other IPMS genes (Fig. 3). This

gene is supposedly involved in the generation of

homomethionine-derived glucosinolates (Gao et al.

2006). This suggests that (i) the gene duplication

events leading to MAMa, b and c occurred after

Arabidopsis, Boechera and Brassica diverged from a

common ancestor, (ii) the ability to utilize 3C

precursors for carbon chain elongation evolved

independently in Brassica and Arabidopsis and (iii)

the Brassica MAM function responsible for generat-

ing 3C glucosinolates evolved de novo from a MAM

progenitor gene. To confirm these hypotheses it will

be necessary to sample further MAM (and also IPMS)

genes from close and distant Arabidopsis and Bras-

sica relatives and to analyse the biochemical

properties of the encoded proteins.
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Conclusions

The composition of genes at the MAM locus varies

between and within cruciferous species, causing

substantial diversity in glucosinolate profiles. Differ-

ent types of selection act on MAM gene family

members, and different factors account for generating

glucosinolate variability and for maintaining this

diversity. Comparative analyses suggest that particular

MAM substrate specificities have evolved repeatedly

in different genera of glucosinolate-producing plants.

The model plant A. thaliana has been invaluable for

making progress in dissecting the genetic, functional

and ecological basis of glucosinolate diversity. These

discoveries have already facilitated the identification

and cloning of genes from the glucosinolate-myrosi-

nase system in cruciferous species for which an

ab initio approach proves much more difficult, such

as crop plants or wild Arabidopsis relatives. Further

functional and evolutionary studies, involving addi-

tional species from the Brassicaceae but also from the

Capparaceae, the second large family in the Capparales

order that is capable of using methionine homologs as

glucosinolate precursors, will help to better understand

the complexity and evolutionary dynamics of variation

in plant secondary metabolism.
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ABSTRACT 

Transcript profiling experiments with Arabidopsis whole-genome microarrays have shown that 

hundreds or even thousands of plant genes change their expression in response to damage 

inflicted by herbivorous insects.  The biological significance of these transcriptome changes is 

largely unknown.  In particular, fitness consequences of differential gene regulation have not 

been investigated systematically.  Here, we use Arabidopsis T-DNA and transposon insertion 

lines to test whether genes that are differentially regulated upon herbivory by larvae from the 

crucifer specialist insect herbivore Plutella xylostella contribute to defense against this insect.  

Our results indicate that the majority of genes have no impact on plant resistance against Plutella.  

Moreover, fitness consequences of T-DNA insertions in several genes are contrary to our 

expectations based on gene expression patterns, suggesting that P. xylostella larvae may be able 

to manipulate Arabidopsis plants to their own benefit. 
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INTRODUCTION 

Plants have evolved a broad arsenal of defenses to ward off herbivorous insects [1-3].  These 

defenses include preformed morphological or biochemical barriers which are expressed 

regardless of whether a plant is being attacked or not.  Other defenses are inducible, and are 

switched on only when a plant is challenged by herbivorous insects.  Several methods have been 

employed to identify genes that contribute to Arabidopsis resistance against herbivorous insects, 

including quantitative trait locus (QTL) mapping and transcript profiling. 

QTL mapping with Arabidopsis recombinant inbred lines has been successful in 

identifying genetic loci and, ultimately, genes that contribute to resistance against generalist 

insect herbivores such as Trichoplusia ni or Spodoptera spec. [5-9].  These herbivores feed not 

only on Arabidopsis and relatives but also on members from distantly related plant families.  

Most QTL for generalists were found to co-localize with QTL that control variation in the 

glucosinolate-myrosinase system, an activated defense system in cruciferous plants [9].  In brief, 

this system consists of precursor molecules, glucosinolates, and corresponding breakdown 

enzymes, myrosinases.  In intact tissue, glucosinolates and myrosinases are stored separate from 

each other but upon tissue disruption, they mix and myrosinase-catalyzed glucosinolate 

hydrolysis leads to the formation of glucosinolate breakdown products which are toxic or 

deterrent to herbivorous insects [10].  Insects specialized on plants from the crucifer family, 

including Plutella xylostella and Pieris spec., have evolved counteradaptations that render the 

glucosinolate-myrosinase system ineffective.  These counteradaptations prevent the formation of 

glucosinolate-hydrolysis products [11] or divert hydrolysis towards (almost) non-toxic products 

[12].  Consequently, QTL for the glucosinolate-myrosinase system do not constitute QTL for 

resistance against specialist insects.  Nonetheless, there is considerable natural genetic variation 

for resistance against specialist insects among Arabidopsis accessions, but the genetic basis of 

defense against these specialists is not yet known [13].  

Transcript profiling with Arabidopsis whole-genome microarrays provides a direct means 

to identify genes that are differentially regulated upon herbivory.  Thus, this method appears to be 

particularly suited to investigate inducible defenses.  Indeed, transcript profiling experiments 

have revealed that hundreds or even thousands of genes respond with altered transcript levels to 

various insects, including Plutella xylostella [14-17].  However, it is unknown which role these 
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genes serve in the plant response to herbivory.  In particular, it is not clear whether differential 

gene expression contributes to plant fitness during the encounter with herbivorous insects. 

Here, we investigate fitness effects of a subset of genes that are differentially regulated 

upon herbivory by Plutella xylostella larvae in herbivory screens with the same insect.  In these 

screens we compare the damage caused by P. xylostella larvae on available Arabidopsis T-DNA 

insertion or transposon-tagged lines [18, 19] with wildtype lines obtained from the same seed 

material.  We mostly focus on genes that are induced upon Plutella herbivory but also include 

several lines with T-DNA insertions in downregulated genes.  In general, we expect an insertion 

of foreign DNA into genes that are upregulated upon Plutella herbivory to cause a decrease in 

plant performance while insertions into downregulated genes should lead to an increase in plant 

fitness, if up- or downregulation of the respective genes contribute to plant defense against P. 

xylostella. 

Our results are surprising because most insertions do not alter plant resistance against P. 

xylostella larvae.  In the few cases where we observe an impact on plant fitness, effects are in an 

unexpected direction, suggesting that P. xylostella larvae may be manipulating plant responses to 

their own benefit. 
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MATERIALS AND METHODS 

Plant and Insect Culture Conditions 

Arabidopsis SALK T-DNA insertion lines with a Columbia (Col) background [18] were obtained 

from the Nottingham Arabidopsis Stock Centre (NASC), Nottingham (UK), and the Arabidopsis 

Biological Resource Centre (ABRC), Columbus (Ohio).  A transposon-tagged line with a Nossen 

(No-0) background was obtained from RIKEN, Genomic Science Center (GSC), Japan [19].  

Selected genes are described in Table 1, T-DNA insertion and transposon-tagged lines are listed 

in Table 2, together with primers used for tests of the presence/absence of insertions and for 

semiquantitative RT-PCR (below). 

Plants were grown in temperature and humidity-controlled growth chambers as described 

in [13].  From each SALK and RIKEN line, approximately 30 seeds were planted and screened 

for the presence/absence of the T-DNA or transposon insertion in the gene of interest.  In general, 

we aimed at obtaining 3 different homozygous mutant lines and 2 different homozygous wildtype 

lines per SALK or RIKEN line. 

Plutella xylostella (diamond backmoth) eggs were originally provided from the New York 

State Agricultural Experimental Station (Geneva, NY), and a colony was maintained at the Max 

Planck Institute for Chemical Ecology in Jena.  All larvae were reared for 6 days on artificial diet 

according to published procedures [20] and were starved for 6 hours before the onset of herbivory 

experiments. 

 

Herbivory Screens 

Herbivory assays were carried out in 96-celled flats with 3-week old plants as described in [13].  

Mutant and wildtype lines were completely randomized, with 100 to 300 plants per experiment 

and gene.  Prior to herbivory experiments, the diameter of each plant was measured.  

Subsequently, one larva was placed into the center of each plant rosette.  During experiments, 

larvae were allowed to move freely.  After 48 hours the leaf area that was consumed by larvae 

was assessed visually and evaluated on an artificial scale. 
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Genotyping of SALK T-DNA Insertion and RIKEN Transposon-Tagged Lines 

DNA was extracted from leaf material of 3 week old plants as described in [21].  Plant genotypes 

were determined by PCR.  PCR reactions were performed in general with ca. 30 ng DNA, 1 x 

PCR buffer (Qiagen, Germany), 4 nmol of of each dNTP, 1.25 pmol of each of both primers and 

0.15 U Taq DNA polymerase (Qiagen).  The following PCR program was applied: Initial 

denaturation for 2 min at 94°C, followed by 35 cycles of 20 s at 94 °C, 20 s at 55 °C, 30 s at 72 

°C, and a final extension at 72 °C for 2 min.  Each SALK T-DNA insertion line was tested with 

two primer combinations.  The first combination consisted of forward and reverse gene-specific 

primers flanking the location of the T-DNA insertion.  This primer combination amplified PCR 

products from wildtype alleles.  The second combination consisted of a T-DNA specific primer, 

LBb1 (5’-TCAAACAGGATTTTCGCCTGCT-3’), and either the forward or the reverse gene-

specific primer, depending on the orientation of the insertion [18].  This second primer 

combination yielded PCR products for mutant alleles.  Gene-specific primer sequences are listed 

in Table 2.  For line PST18451, a transposon-tagged line from the RIKEN Arabidopsis 

transposon mutant collection [19], a similar approach was used with a transposon-specific primer, 

Ds3-2a (5’-CCGGATCGTATCGGTTTTCG-3’), instead of primer LBb1. 

 

RT-PCR 

To confirm transcription patterns of Plutella-regulated genes, five 3rd instar larvae were placed on 

3 week old Arabidopsis plants and allowed to feed for 8 hours.  Control plants were grown under 

the same environmental conditions but did not receive insects.  Rosette leaves were harvested 

from insect-treated and control plants and immediately frozen in liquid nitrogen.  Total RNA was 

extracted with Trizol (Invitrogen) according to the manufacturer’s instructions.  After DNAse 

(Ambion) digestion RNA was purified with the RNeasy MinElute Cleanup Kit (Qiagen).  First 

strand cDNA synthesis was carried out with Superscript III First-Strand Synthesis Super mix 

(Invitrogen) from 1 µg total RNA in a volume of 20 µl.  For each sample three parallel reactions 

were carried out, mixed and diluted to a total volume of 600 µl with distilled water.  This dilution 

served as a template for all subsequent RT-PCRs.  Reaction mixes contained 1 µl cDNA, 5 µl 10 

x PCR buffer (Qiagen), 1 µl dNTP mix (10 mM), 7 pmol of each of both primers, and 2 U Taq 

DNA polymerase (Qiagen) in a volume of 50 µl.  All PCR primers were chosen such that 

reaction products had a size of approximately 300 bp.  Cycling conditions were 94 °C for 3 min, 
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followed by 37 cycles of 94 °C for 15 s, 55 °C for 15 s and 72 °C for 20 s.  After 22, 27 and 32 

cycles, respectively, the reaction was interrupted and 10 µl from the reaction were stored on ice.  

Subsequently PCR products obtained after 22, 27, 32, and 37 PCR cycles were analyzed on 1.5 % 

agarose gels and photographed.  A similar protocol was used to investigate the effect of T-DNA 

(or transposon) insertions on the expression of target genes.  

 

Southern Hybridizations 

The number of T-DNA insertions was analyzed with Southern blot hybridization.  Total genomic 

DNA was extracted from rosette leaves of 4 week old plants using the Genomic DNA buffer set 

(Qiagen) according to the manufacturer’s instructions.  2 µg BclI-digested DNA were separated 

by gel electrophoresis and blotted onto positively charged Biodyne Plus nylon membranes 

(Biodyne).  A ca. 300 bp T-DNA specific PCR product was amplified with primers T-DNA_L1F 

(5’-TCCAGTTTGGAACAAGAGTCCA-3’) and T-DNA_L1R (5’-

CCTGGCGTTACCCAACTTAATC-3’) to serve as a probe.  Probe labelling and hybridization 

procedure with the ECL Direct Nucleic Acid Labeling and Detection Systems (Amersham 

Biosciences) followed the manufacturer’s instructions.  

 

DNA Walking 

A DNA walking method (DNA Walking SpeedUp Premix Kit, Seegene) was applied according 

to the manufacturer’s instructions to determine the genomic location of previously unreported T-

DNA insertions in SALK_082089.  This method involves three PCR steps using a combination 

of unique DNA walking primers (Seegene) and different T-DNA or Ti-Plasmid specific primers 

(Table 3) for each round of amplification.  Purified product from the first PCR step serves as a 

template in the second step, and purified products from the second step as a template for the third 

PCR step.  PCR products from the third round were run on agarose gels.  All visible bands were 

extracted, cloned into a TOPO TA cloning vector (pCR 2.1 Cloning Kit, Invitrogen) and 

sequenced. 
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Statistical Analyses 

Systat version 10 (SPSS Inc.) was used for statistical analyses of herbivory screens with mixed 

model ANOVA.  Genotype was treated as a fixed effect, and flat and flat×genotype interaction as 

random effects to obtain mean squares (MS) for genotype and flat×genotype.  In general, the 

following model was used:  HERBIVORY = CONSTANT + COLUMN + ROW + PLANT 

DIAMETER + FLAT + GENOTYPE + FLAT×GENOTYPE.  COLUMN and ROW are variables 

to control for position effects.  The variable GENOTYPE compares mutant versus wildtype 

genotypes, FLAT accounts for variation between flats within an experiment, and PLANT 

DIAMETER controls for variation in plant size.  F ratios were calculated as 

MSGENOTYPE/MSFLAT×GENOTYPE.  In several cases, herbivory screens with the same T-DNA 

insertion line were repeated at a later date.  In these cases, an additional variable EXPERIMENT 

was included in the ANOVA model to account for variation between experiments, and used a 

nested variable FLAT(EXPERIMENT) instead of FLAT.  Finally, analogous models were 

applied to investigate the effect of the T-DNA insertions on plant biomass accumulation. 

 

 

RESULTS 

T-DNA Insertion Lines 

Initially, we screened progeny from more than 80 T-DNA insertion lines for the presence/absence 

of T-DNA insertions in candidate genes that were differentially regulated upon Plutella 

herbivory.  Our goal was to obtain from each line progeny carrying T-DNA insertions in both 

alleles and progeny with homozygous wildtype alleles to serve as adequate controls in our 

herbivory experiments.  For more than half of the lines we were not able to identify T-DNA 

insertions or to obtain homozygous mutants, or we experienced other problems.  We excluded 

these lines from further analyses.  Thus, we finally worked with 35 T-DNA insertion lines 

representing 33 genes (Table 1).  These genes encode a diverse set of proteins, including 

transcription factors, pathogenesis-related proteins, proteins involved in general defense 

responses and stress, in the metabolism of amino acids and aromatic compounds, and several 

proteins with unknown function.  The majority of insertions  was located in the coding sequence 
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(CDS) (14) or in the 3’UTR (13), 2 insertions were located in the promoter or in the 5’UTR, 3 in 

internal introns, and 1 T-DNA was inserted 2 bases 3’ of the 3’UTR (Figure 1). 

Next, we tested expression patterns for a subset of these genes with RT-PCR (Figure 2).  

We compared plants infested with 5 Plutella larvae for 9 hours versus controls, each with two 

biological replicates.  In all cases, we were able to confirm results from previous microarray 

experiments. 

Finally, we investigated the effects of T-DNA or transposon insertions on the expression 

of target genes.  We analyzed Plutella-treated and unmanipulated control plants in comparison to 

wildtype plants grown under the same experimental conditions.  16 out of 25 tested lines showed 

a molecular phenotype (Figure 3), 9 lines yielded ambiguous results and 10 lines remained 

untested.   Most lines with insertions of foreign DNA into the coding sequence and many lines 

with insertions into the 3’UTR had less transcript than wildtypes.  In one case (SALK_104816) 

the PCR product was larger in insertion lines than in wildtypes, possibly caused by a splice defect 

that resulted in the incorporation of an intron.  In the single case where we tested a line with an 

insertion within an intron (SALK_006603), no PCR product was visible in the mutant.  Lastly, in 

SALK_030723, with a T-DNA insertion in the promoter, mutant lines deviated from the wildtype 

transcript pattern, with a strong reduction of the transcript level in response to Plutella-treatment 

compared to wildtype.   

 

Herbivory Screens 

For 33 genes which displayed differential regulation in response to Plutella herbivory, we 

analyzed the effects of T-DNA (or transposon) insertions compared to plants with wildtype 

alleles.  We tested for differences in plant performance against P. xylostella larvae but 

investigated also whether insertions influenced plant biomass accumulation.  We found a 

significant effect on P. xylostella larval herbivory only for three genes, At2g23350 (N = 247; df = 

1,2; F = 28.52; p < 0.05), At2g39050 (N = 966; df = 1,10; F = 12.25; p < 0.01) and At3g04720 (N 

= 1094; df = 1,12; F = 6.57; p < 0.025), coding for a putative polyadenylate-binding protein, a 

protein with an unknown function, and a hevein-like protein precursor, respectively (Table 4).  

For At2g23350, plants with insertions in both alleles experienced approximately 10 % less 

damage than plants with wildtype alleles.  For the other two genes, plants with insertions were ca. 
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10 % and 15 % more resistant than plants without T-DNA insertions.  We tried to confirm these 

results with other lines available from the stock centers.  For At2g23350, we found no suitable T-

DNA insertion or transposon-tagged line.  Likewise, for At2g39050 we obtained a SAIL line 

with an appropriate insertion but in a sample of ca. 30 seeds we did not identify any homozygous 

mutants.  Finally, for At3g04720 we got another SALK line (SALK_130680) with an insertion in 

the 3’UTR and a third mutant line (PST18451) with a transposon inserted into the open reading 

frame.  Both lines had no genotype effect in herbivory screens.  Hence, we could not confirm the 

genotype effects found in our initial screens with independent experiments. 

We further analyzed SALK_082089.  With Southern blot hybridizations we identified a 

second insertion in this line and used DNA walking to identify the location of this second 

insertion.  After several rounds of walking we were still obtaining DNA completely identical to 

agrobacterial Ti-Plasmid sequences.  Therefore, we changed our strategy and utilized primers 

designed to bind at various locations of the Ti-Plasmid.  All amplifications were successful but 

yielded only Ti-Plasmid sequences, indicating that the second insertion in SALK_082089 

consisted not only of T-DNA but of a large proportion of the Ti-Plasmid, and perhaps even of 

concatenated Ti-Plasmid sequences. 

Furthermore, we routinely noted the diameter of each plant before our herbivory assays to 

account for differences in plant size, enabling us to also investigate the impact of T-DNA or 

transposon insertions on plant biomass accumulation.  The majority of insertions had no effect on 

plant biomass, indicating that T-DNA insertions alone are not costly.  However, for 8 lines we 

found significant genotype effects on plant biomass accumulation (Table 4).  In most cases effect 

strengths were well below 10 %, except for SALK_036887 where the difference between 

wildtypes and mutants was nearly 13 %.  In some cases, wildtype lines performed better than 

mutants (At2g14750, At2g20340, At2g38870, and At3g12500), in other cases mutant lines 

accumulated more biomass than wildtypes (At2g32150, and At2g38470).  In one case 

(At4g04720) genotype effects on plant biomass were reversed with the genetic background.  In 

the Col-0 background (SALK_082089) mutants performed better than wildtypes, whereas in the 

No-0 background (PST18451) mutant plants grew on average to a smaller size than wildtype 

plants.  Both SALK_082089 and PST18451 had foreign DNA inserted into an exon.  In a third 

line (SALK_130680) with a T-DNA insertion in the 3’UTR, we found no genotype effect on 

plant biomass accumulation. 
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DISCUSSION 

In this study we investigated fitness effects of genes that are differentially regulated upon 

herbivory by the crucifer specialist P. xylostella.  We compared the damage caused by larvae on 

Arabidopsis lines with T-DNA (or transposon) insertions to lines with wildtype alleles from the 

same seed material.  The genes represented a broad spectrum of functional categories (Table 1) 

and also a broad range of transcript levels, both base line and upon P. xylostella herbivory 

(Figure 2).  Nearly half of the insertions were located in the CDS, but also lines with insertions in 

introns or in the 3’UTR had significant effects on plant biomass accumulation, indicating that 

gene function was effectively disrupted in the majority of T-DNA insertion lines.  Altogether, we 

included more than 11,000 plants and Plutella larvae in our herbivory assays. 

Only three out of 33 genes displayed a fitness effect in Plutella herbivory experiments.  

By contrast, 8 lines (representing 7 genes) showed significant differences in plant biomass 

accumulation when T-DNA insertion lines were compared to wildtypes.  However, for these 

three genes we were not able to replicate fitness differences upon Plutella herbivory with 

independent insertion lines, in part because other suitable lines were not available.  In the case of 

At3g04720, coding for a hevein-like gene, we are not entirely certain that the effect that we 

observed with SALK_082089 was caused by the disruption of the gene At3g04720 itself.  This 

line contained a second insertion, consisting of a very large proportion of the Ti-Plasmid and 

perhaps even of concatenated Ti-Plasmid sequences, that prevented us from identifying the 

location of this insertion.  Nonetheless, the number of lines which showed a difference in 

resistance to Plutella was altogether remarkably low.  We, therefore, conclude that the majority 

of genes that respond to P. xylostella herbivory with an alteration in transcript levels do not 

contribute to plant defense against Plutella. 

Which other purpose could these genes serve?  Several of the investigated genes respond 

also to other triggers, such as pathogen infection (e.g., At3g04720, At3g12500, At3g57260 – 

these genes are known to encode pathogenesis related proteins PR4, PR3 and PR2, respectively) 

– or drought (e.g., At1g54100, At2g47180).  Hence, increased expression of these genes may be 

important to minimize secondary harmful effects caused by a potential pathogen infection or by 

water loss through the wounded tissue.  In other cases differential gene regulation could be a 

chance effect, due to the presence of regulatory elements that respond to the complex network of 

signals that is triggered upon herbivory, but without serving any purpose in the context of insect 
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herbivory.  However, in all three lines which showed a difference in resistance to Plutella larvae, 

effects were in an unexpected direction.  At2g39050 and At3g04720 were induced upon Plutella 

herbivory, but the corresponding lines with T-DNA insertions, SALK_037116 and 

SALK_082089, were more resistant than wildtypes, contrary to expectations.  Likewise, 

expression of At2g23350 was reduced after Plutella herbivory, but in SALK_113383 progeny, 

plants with wildtype alleles were more resistant than plants with T-DNA insertions in the open 

reading frame.  Hence, plant performance did apparently not benefit from a downregulation of 

At2g23350 in response to Plutella herbivory.  On the contrary, differential regulation of these 

genes upon herbivory by Plutella rendered plants more susceptible to the larvae, suggesting that 

Plutella larvae may be able to manipulate the Arabidopsis transcriptome in a way that serves their 

own benefit.  Indeed, several other studies provide evidence for herbivore manipulation of 

induced plant defenses.  In Helicoverpa zea larvae a glucose oxidase was identified as a principle 

salivary enzyme which suppressed induced defenses in N. attenuata and prevented the induction 

of nicotine [22].  The silverleaf whitefly was found to be able to repress jasmonic acid-regulated 

defenses that deter nymph development [23].  Finally, jasmonic acid-mediated upregulation of 

defense genes was suppressed in response to P. rapae [24].  These findings indicate that the 

adaptation of specialist herbivores to their host plants is more substantial than previously thought.  

Apparently, specialist insect herbivores have not only evolved counteradaptations against 

preformed activated defenses such as the glucosinolate-myrosinase system but also appear to 

possess counteradaptations against induced defenses, thus adding a further level of complexity to 

interactions between specialist insect herbivores and their host plants. 
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Figure Legends 
 

Figure 1.  Gene Structures and T-DNA (or Transposon) Insertions.  Gene annotations were 

taken from the Arabidopsis Information Resource (http://www.arabidopsis.org).  Thick horizontal 

lines correspond to exons (including 5’ and 3’UTR), thin lines to introns or noncoding sequences.  

Thin vertical lines show positions of start and stop codons.  Note that for At5g44430 no 

information on UTRs is available.  Green vertical lines indicate the position of T-DNA or 

transposon insertions.  Small red arrows correspond to the position of primer LBb1 in T-DNA or 

its equivalent in transposons (Table 2), and show the orientation of the insertion. 

 

Figure 2.  Analysis of Transcript Levels in Control and Herbivory-Treated Plants with RT-

PCR.  Three sets of genes were investigated, genes upregulated upon Plutella herbivory, 

downregulated genes, and control genes.  Two biological replicates were used in herbivory 

experiments (H) and as control plants (C).  The same samples were used for all RT-PCRs.  

Numbers in brackets indicate the number of PCR cycles (22, 27, 32 or 37) which gave satisfying 

results for the various genes.  Control genes At1g34030, At4g05320 and At5g09810 code for 

ribosomal protein 18B (RPS18B), ubiquitin 10 (UBQ10) and actin 7 (ACT7), respectively. 

 

Figure 3.  Analysis of T-DNA Insertion Lines with RT-PCR.  Transcript levels of target genes 

were analyzed in T-DNA insertion (or transposon-tagged) lines and wildtype plants after Plutella 

herbivory (H) and in unmanipulated controls (C) to investigate the effect of insertions on gene 

expression.  UBQ10 and ACT7 served as loading controls.  Numbers in brackets indicate the 

number of PCR cycles (27, 32 or 37).  Because cDNA quantity was limited, loading controls for 

wildtype were applied at informative positions of the agarose gels and are indicated by lower-

case letters (a – h).  Note that transposon-tagged and control plants for PST18451 have a No-0 

background, whereas all other plants have a Col-0 background.  Note also that the At1g54020 

PCR product is larger in insertion than in wildtype lines (indicated by arrows). 
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Figure 2 
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Figure 3 
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C          H           C          H

WildtypeInsertion line
C          H           C          H

WildtypeInsertion line
C          H           C          H

WildtypeInsertion line
C          H           C          H
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Table 1.  Description of Plutella-Related Genes with TAIR Identifiers and Response to 

Herbivory (↑: upregulation; ↓: downregulation). 

 

Gene 
Response 
to Plutella 
herbivory 

Other Name(s) Description/Function 

At1g22770 ↓ GIGANTEA regulation of transcription 
At1g32640 ↑ MYC2, JAI1, JIN1 bHLH transcription factor 
At1g48480 ↓ RKL1 receptor-like protein kinase 
At1g54020 ↑  putative myrosinase-associated protein 
At1g54100 ↑ ALDH7B4 aldehyde dehydrogenase 
At2g03980 ↑  GDSL-motif lipase/hydrolase family protein 
At2g14750 ↑ APK APS kinase 
At2g20340 ↑  putative tyrosine decarboxylase 
At2g21220 ↓  auxin-responsive protein 
At2g22770 ↑ NAI1 bHLH transcription factor 
At2g23350 ↓ PAB4 putative polyadenylate-binding protein 
At2g30770 ↑ CYP71A13 putative cytochrome P450  
At2g32150 ↑  haloacid dehalogenase-like hydrolase family protein 
At2g38470 ↑ WRKY33 WRKY transcription factor 
At2g38870 ↑  putative serine protease inhibitor 
At2g39050 ↑  hydroxyproline-rich glycoprotein family protein 
At2g47180 ↑ ATGOLS1 galactinol synthase 1 
At3g04720 ↑ PR4 hevein-like protein 
At3g12500 ↑ PR3 basic chitinase 
At3g54640 ↑ TRP3, TSA1 tryptophan synthase alpha chain 
At3g57260 ↑ PR2 beta 1,3-glucanase 
At4g01080 ↑  protein of unknown function 
At4g02360 ↑  protein of unknown function 
At4g17490 ↑ ATERF6 ERF/AP2 transcription factor family member 
At4g21910 ↑  MATE efflux family protein 
At4g23600 ↑ CORI3, JR2 cystine lyase 
At4g26080 ↑ ABI1 abscisic acid signal transduction 
At4g34370 ↑  IBR domain-containing protein 
At4g35160 ↑  O-methyltransferase family 2 protein 

At5g24770 ↑ VSP2 
acid phosphatase activity; vegetative storage protein 
2 

At5g44430 ↑ PDF1.2c plant defensin 
At5g48200 ↓  protein of unknown function 
At5g60890 ↑ MYB34, ATR1 myb-like transcription factor 
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Table 2.  T-DNA Insertion and Transposon-Tagged Lines.  Primers used for testing of the 

presence/absence of insertions and for RT-PCR are listed. 
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Table 3.  Primers for Identification of the Second Insertion in SALK_082089. 

 
Primer 1 Sequence (5'→3') Primer 2 Sequence (5'→3') Primer 3 Sequence (5'→3')

T_DNA_walk1R CAACCCTATCTCGGGCTATT T_DNA_walk2R TCGGAACCACCATCAAACAG T_DNA_walk3R ACCGCTTGCTGCAACTCTCT
neuT_walk1R GACAGATGCGCCTTGTGAG neuT_walk2R CCAATGATCTCGCCGTCGATG neuT_walk3R CACGGCATCTCGCAACCGTTC
2neuT_walk1R CCTGCTGCCACACCAGTTC 2neuT_walk2R CTTCACGTCCTTGTTGACGTG 2neuT_walk3R CTCGCGCGGGATTTTCTTGTTG
3neuT_walk1R GCATCCTCGGCGGAAAAC 3neuT_walk2R CAGTTCTTGCCTGTATGCCTTC 3neuT_walk3R CGTCCGATTCATTCACCCTCCTTG
4newT_walk1R  CTTTTCAGGGCTTTGTTCATC 4newT_walk2R CTTCATACTCTTCCGAGCAAAG 4newT_walk3R CACTCATGAGCAGATTGCTCCAG
6neuT_walk1R CAGGTTAAAAGACAGGTTAGC 6neuT_walk2R GGAAACCCTTGCAAATGCTGG 6neuT_walk3R CTGTGGACAGCCCCTCAAATGTC

7tDNA_1 GTATGAATCCCGCCTGAAGG 7tDNA_2 CGTAATCAGCAAGCGATATACG 7tDNA_3 GAATTGAGCGGCATAACCTGAATC
8tDNA_1 CTATGCCAAGAATGCCCAAG 8tDNA_2 GAAGTCCGTGAATGCCCCGAC 8tDNA_3 CTGGTCGCTGAATGTCGATG
9tDNA_1 CGATATACAGGATTTTGCCAAAGG 9tDNA_2 CTTTCCTTGGTGTATCCAACGG 9tDNA_3 GATAGGTGAAGTAGGCCCAC
10tDNA_1 GCAGAGCCATGTAGACAACATCC 10tDNA_2 CTTTTTCATGCCCTGCCCTAG 10tDNA_3 CCTAGCGTCCAAGCCTCAC
11tDNA_3 CAGCGAGACGAGCAAGATTG 11tDNA_2 CCCGAAACGATCCGACAGC 11tDNA_1 CACCAACGCATACAGCGCCAG
12tDNA_1 GGATTGAGAGTGAATATGAGAC 12tDNA_2 CGAAACGATCCAGATCCGGTG 12tDNA_3 GTGCAATCCATCTTGTTCAATC
13tDNA_1 CGACGAGATCATCGCCGTC 13tDNA_2 GATATTCGGCAAGCAGGCATCG 13tDNA_3 CAGTCGATGAATCCAGAAAAG
14tDNA_1 GCGATATCTTGCTGCGTTC 14tDNA_2 CGGATATTTTCGTGGAGTTCC 14tDNA_3 CCGATCGTTCAAACATTTGG
15tDNA_1 GATTCTGTCGCTACTGATTAC 15tDNA_2 GCTATCGATGGTTTCATTGGTG 15tDNA_3 GGTAATGGTGCTACTGGTG
16tDNA_1 GAGCAATAATCTCCAGGAAATC 16tDNA_2 GTCAAAAGATTCAGGACTAACTG 16tDNA_3 CAGAAGTACTATTCCAGTATGG
17tDNA_1 GATGTGATATCTCCACTGACG 17tDNA_2 CGCACAATCCCACTATCCTTC 17tDNA_3 GAAGTTCATTTCATTTGGAGAG
18tDNA_1 CTTTAGGGTTCCGATTTAGTG 18tDNA_2 CTTGATTTGGGTGATGGTTCAC 18tDNA_3 CCTTTGACGTTGGAGTCCAC
19tDNA_1 GGAGGGTAGCATGTTGATTG 19tDNA_2 GTAACGATGACAGAGCGTTGCTG 19tDNA_3 GCAGAGATCCGAATTATCAGC
20tDNA_1 CCTGTAGGCATCGGGATTG 20tDNA_2 CTGGAACGAGCAGAAGTCCTC 20tDNA_3 GTAAAGGTGAGCAGAGGCAC
tDNA-24.1 CGTATAAGGTTATTGTCCTGG tDNA-24.2 GTTTCAAGCATTAGTCCATGCAAG tDNA-24.3 CTGAAATCCTTACATACGGC
tDNA-25.1 CAGCCCTGGTTAAAAACAAG tDNA-25.2 GTTAAAAGACAGGTTAGCGGTG tDNA-25.3 CTTGCAAATGCTGGATTTTCTG
tDNA-34.1 GTAATCCAATTCGGCTAAGC tDNA-34.2 CAGTTTTCGCAATCCACATCGG tDNA-34.3 CTTTAAATGGAGTGTCTTCTTC
tDNA-35.1 GATTCATTCACCCTCCTTGC tDNA-35.2 GTTCTTGCCTGTATGCCTTCC tDNA-35.3 CGATGGTTTCGGCATCCTC
RBwalk1R CTCATGATCAGATTGTCGTTTC RBwalk2R GCGGGTAAACCTAAGAGAAAAGA RBwalk3R GGGCGTGAAAAGGTTTATCCGTTC 
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Table 4.  Results of the Plutella Herbivory Screens.  Location of insertion, number of 

experimental replicates, number of 96-well flats, sample sizes (N), F-ratios and P-values for 

damage and plant size are indicated.  Relative differences (in per cent) in herbivory and in plant 

size were calculated as the differences between mutant and wildtype lines, divided by the damage 

on wildtype lines.  P-values are given for two-tailed tests. 

 

 

Gene T-DNA Insertion Line Insertion Experiments # flats N df F Damage P Damage ΔDamage F Size P Size Δsize

At1g22770 SALK_092757 Exon 1 2 187 1, 1 0.1 n.s. 0.8 2.5 n.s. -6.0
At1g32640 SALK_017005 Exon 1 2 174 1, 1 0.1 n.s. -2.2 0.0 n.s. 0.4
At1g48480 SALK_099094 Exon 1 2 180 1, 1 0.5 n.s. 3.0 0.0 n.s. 0.9
At1g54020 SALK_104816 Exon 1 2 175 1, 1 0.5 n.s. -8.4 2.1 n.s. 0.8
At1g54100 SALK_143309 Intron in 5'UTR 1 3 160 1, 2 1.4 n.s. -7.7 3.2 n.s. -7.2
At2g03980 SALK_082986 3'UTR 1 2 150 1, 1 21.6 n.s. 16.2 61.2 n.s. -6.8
At2g14750 SALK_036887 Exon 1 2 148 1, 1 0.0 n.s. -0.7 236.4 < 0.05 -12.2
At2g20340 SALK_022179 3'UTR 1 2 183 1, 1 2.3 n.s. -3.6 415.6 < 0.05 -6.7
At2g21220 SALK_090080 5'UTR 1 2 179 1, 1 1.4 n.s. -6.8 0.1 n.s. 0.2
At2g22770 SALK_094103 3'UTR 1 2 187 1, 1 0.0 n.s. -2.0 110.5 n.s. 7.9
At2g23350 SALK_113383 Exon 1 3 247 1, 2 28.5 < 0.05 8.9 2.8 n.s. 1.5
At2g30770 SALK_105136 Exon 1 2 176 1, 1 0.0 n.s. -1.3 0.2 n.s. 1.2
At2g32150 SALK_140073 Exon 3 9 790 1, 8 2.2 n.s. 10.0 22.3 < 0.005 4.1
At2g38470 SALK_006603 Intron 1 2 170 1, 1 0.7 n.s. -12.9 33383.4 < 0.01 5.1
At2g38870 SALK_138287 Intron 2 6 555 1, 5 0.7 n.s. 4.4 25.0 < 0.005 -4.6
At2g39050 SALK_037116 3'UTR 3 11 966 1, 10 12.3 < 0.01 -8.9 0.1 n.s. 0.3
At2g47180 SALK_046018 3'UTR 1 3 230 1, 2 0.2 n.s. 5.4 4.0 n.s. -1.9
At3g04720 SALK_082089 Exon 3 13 1094 1, 12 6.6 < 0.025 -15.3 12.1 < 0.005 4.8

SALK_130680 3'UTR 3 9 700 1, 8 0.6 n.s. 7.0 0.1 n.s. -0.4
PST18451 Exon 1 4 321 1, 3 0.0 n.s. -1.2 35.3 < 0.01 -3.4

At3g12500 SALK_005725 3'UTR 2 6 496 1, 5 0.3 n.s. 4.4 11.7 < 0.025 -3.8
At3g54640 SALK_021583 3'UTR 1 3 264 1, 2 0.3 n.s. -4.8 10.2 n.s. -2.2
At3g57260 SALK_087824 3'UTR 1 3 263 1, 2 0.2 n.s. 4.0 0.1 n.s. 1.2
At4g01080 SALK_125280 Promoter 1 3 223 1, 2 0.1 n.s. -2.8 2.7 n.s. 2.5
At4g02360 SALK_117088 Exon 1 3 222 1, 2 0.6 n.s. 7.7 2.9 n.s. 2.6
At4g17490 SALK_030723 Promoter 1 2 180 1, 1 0.7 n.s. 9.3 1.7 n.s. 3.5
At4g21910 SALK_085412 Exon 1 3 245 1, 2 4.0 n.s. -10.7 9.4 n.s. 9.7
At4g23600 SALK_027027 3'UTR 1 2 115 1, 1 1.0 n.s. 20.2 0.0 n.s. 1.2
At4g26080 SALK_076309 Exon 2 7 588 1, 6 1.0 n.s. 5.7 3.6 n.s. -7.0
At4g34370 SALK_009696 3' of 3'UTR 1 3 242 1, 2 0.1 n.s. -4.9 2.8 n.s. 0.8
At4g35160 SALK_084490 Exon 1 2 190 1, 1 4.3 n.s. -7.7 5.0 n.s. 4.2
At5g24770 SALK_047832 3'UTR 1 3 242 1, 2 0.5 n.s. 7.0 6.3 n.s. 5.6
At5g44430 SALK_029980 3'UTR 1 2 177 1, 1 0.3 n.s. 6.8 14.5 n.s. 5.7
At5g48200 SALK_025212 Intron 3 10 797 1, 9 1.0 n.s. 5.6 0.0 n.s. 0.1
At5g60890 SALK_006901 3'UTR 1 2 178 1, 1 0.0 n.s. 0.5 0.5 n.s. -1.5
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Glucosinolates are defensive secondary compounds which display large structural 

diversity in Arabidopsis and related plants. Much attention has been paid to variation 

in the biosynthesis of methionine-derived aliphatic glucosinolates and its ecological 

consequences but little is known about the genes that cause qualitative and 

quantitative differences in tryptophan-derived indole glucosinolates. We use a 

combination of QTL fine mapping and microarray-based transcript profiling to identify 

CYP81F2 (At5g57220), encoding a cytochrome P450 monooxygenase, as the gene 

underlying Indole Glucosinolate Modifier 1 (IGM1), a metabolic QTL for the 

accumulation of two modified indole glucosinolates, 4-hydroxy-indole-3-yl-methyl and 

4-methoxy-indole-3-yl-methyl glucosinolate. We verify CYP81F2 function with two 

SALK T-DNA insertion lines, and show that CYP81F2 catalyzes the conversion of 

indole-3-yl-methyl to 4-hydroxy-indole-3-yl-methyl glucosinolate. We further show that 

the IGM1 QTL is largely caused by differences in CYP81F2 expression, which results 

from a combination of cis and trans acting expression QTL (eQTL) different from 

known regulators of indole glucosinolate biosynthesis. Finally, we elucidate a 

potential ecological function of CYP81F2 and find that CYP81F2 contributes to 

defence against the green peach aphid (Myzus persicae), but not to resistance 

against herbivory by larvae from four lepidopteran species. 
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INTRODUCTION 

 

Activated defenses are among the most fascinating adaptations that plants have 

evolved to ward off natural enemies. These defense systems consist of precursor 

molecules and activators, usually enzymes. The precursor molecules can be stored 

in the plant tissue without harmful effects to the plant, but have the potential to give 

rise to highly toxic or deterrent effectors upon activation. The glucosinolate-

myrosinase system is an activated defense system which protects plants from the 

Brassicaceae and related families effectively against most herbivorous insects. This 

system is often referred to as ‘the mustard oil bomb’ to characterize its basic 

functional principle (Matile, 1980; Lüthy and Matile, 1984). The mustard oil bomb 

consists of glucosinolates, amino acid-derived β-thioglucoside-N-hydroxysulfates, 

and matching breakdown enzymes, myrosinases, which have β-thioglucoside 

glucohydrolase activity. In intact plant tissue, glucosinolates and myrosinases are 

stored in separate cell types (Koroleva et al., 2000; Husebye et al., 2002; Thangstad 

et al., 2004). However, upon tissue disruption myrosinases gain access to 

glucosinolates and hydrolyze their β-thioglucoside ester bond. The resulting aglycone 

is instable and rearranges to form a variety of breakdown products such as 

isothiocyanates, thiocyanates, nitriles, epithionitriles and others, depending on 

reaction conditions and the presence (or absence) of modifying proteins (Lambrix et 

al. 2001; Bones and Rossiter, 2006; Zhang et al., 2006; Burow et al., 2007). These 

hydrolysis products have diverse ecological functions. They may serve as oviposition 

and feeding stimulants for insects specialized on glucosinolate-containing plants, but 

usually act as toxins or deterrents towards other insect herbivores (Raybould and 

Moyes, 2001; Kliebenstein et al., 2005). 

More than 120 different glucosinolate structures have been identified in the 

Capparales (Daxenbichler et al., 1991; Fahey et al., 2001). They share a chemical 

core, consisting of a sulfonated oxime and a β-thioglucose moiety, but differ in their 

side chain structures. Depending on the precursor amino acid, glucosinolates are 

grouped into different classes. Aliphatic glucosinolates originate from alanine, 

methionine, leucine, isoleucine, or valine, aromatic glucosinolates from phenylalanine 

or tyrosine, and indole glucosinolates are derived from tryptophan. In Arabidopsis, ca. 

40 different glucosinolates have been identified, derived from methionine, 
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phenylalanine or tryptophan (Kliebenstein et al., 2001a; Reichelt et al., 2002). This 

enormous structural variety is thought to have evolved in response to challenges 

imposed by a large and diverse community of herbivores and other enemies 

(Kliebenstein et al., 2001a; Kroymann et al., 2003; Benderoth et al., 2006; Benderoth 

et al., 2008). 

Natural genetic variation among Arabidopsis accessions has been exploited to 

map glucosinolate QTL in various recombinant inbred line (RIL) populations (Campos 

de Quiros et al., 2000; Kliebenstein et al., 2001b; Kliebenstein et al., 2002; 

Keurentjes et al., 2006; Pfalz et al., 2007). Efforts to clone metabolic QTL (mQTL) 

have mainly focused on aliphatic glucosinolates, the largest and most diverse 

glucosinolate class in Arabidopsis. As a result, several genes underlying major 

aliphatic glucosinolate biosynthesis QTL have been identified and ecological 

consequences of natural variation in these genes have been investigated 

(Kliebenstein et al., 2001c; Kroymann et al., 2001; Kroymann et al., 2003; Kroymann 

and Mitchell-Olds, 2005). 

Less attention has been paid to variation in indole glucosinolate structures. 

Here, research has mainly focused on the biosynthesis of the glucosinolate core from 

tryptophan because an early intermediate, indole-3-acetaldoxime, also serves as a 

precursor for auxin (Bak and Feyereisen, 2001; Bak et al., 2001; Zhao et al., 2002; 

Ljung et al., 2005) and camalexin biosynthesis (Glawischnig et al., 2004), such that 

alterations in the indole glucosinolate core pathway often feedback on plant growth 

and development (Boerjan et al., 1995; Celenza et al., 1995; King et al., 1995; 

Lehman et al., 1996; Delarue et al., 1998; Barlier et al., 2000; Bak et al., 2001; 

Smolen and Bender, 2002). Nonetheless, recent studies demonstrate that indole 

glucosinolates and their breakdown products influence ecological interactions, 

contributing to defense against aphids and deterring oviposition by the European 

cabbage butterfly (Pieris rapae) (Kim and Jander, 2007; De Vos et al., 2008; Kim et 

al., 2008). Arabidopsis accessions contain typically four different indole 

glucosinolates (Kliebenstein et al., 2001a; Brown et al., 2003), indole-3-yl-methyl 

(I3M), 1-methoxy-indole-3-yl-methyl (1MO-I3M), 4-hydroxy-indole-3-yl-methyl (4OH-

I3M) and 4-methoxy-indole-3-yl-methyl (4MO-I3M) glucosinolate. I3M is the most 

abundant indole glucosinolate in Arabidopsis. 1MO-I3M, 4OH-I3M and 4MO-I3M bear 

various modifications of the indole ring and are present in lower quantities than I3M. 
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However, the genes that are responsible for indole glucosinolates structures are not 

yet known. 

In a recent study, we have mapped QTL for indole glucosinolates in a RIL 

population derived from a cross between the Arabidopsis accessions Da(1)-12 and 

Ei-2, and found a complex genetic architecture underlying variation in indole 

glucosinolates (Pfalz et al., 2007). To start dissecting this architecture, we focused on 

the bottom of chromosome 5, where a 4OH-I3M QTL co-localized with a 4MO-I3M 

QTL, termed Indole Glucosinolate Modifier 1 (IGM1) (Figure 1). With a combination of 

QTL fine-mapping in near isogenic lines (NILs) and transcript profiling with whole-

genome Arabidopsis microarrays we identified candidate genes for IGM1 on 

chromosome 5, and used T-DNA insertion lines to verify that a single gene, 

CYP81F2 (At5g57220) underlies this QTL. The product of this gene was a 

cytochrome P450 monooxygenase and we showed that CYP81F2 catalyzed the 

conversion of I3M to 4OH-I3M. We further showed that metabolic variation in 

modified indole glucosinolates is largely attributable to variation in gene expression, 

with cis- and trans-acting factors controlling CYP81F2 transcript abundance. Finally, 

we investigated ecological effects of CYP81F2 on Arabidopsis-insect interactions, 

and found that the gene did not affect herbivory by several generalist and specialist 

lepidopterans but, instead, contributed to resistance against the green peach aphid 

(Myzus persicae), a generalist phloem-feeding herbivore. 

 

 

RESULTS 

 

Fine Mapping of QTL for Modified Indole Glucosinolates in DE089 × Ei-2 NILs 

DE089 is a recombinant inbred line (RIL) from the Da(1)-12 × Ei-2 population (Pfalz 

et al., 2007). Most of its genome originates from the Ei-2 parental accession except 

for a region corresponding to ca. 7 Mbp in Col-0 at the bottom of chromosome 5, 

where DE089 has a Da(1)-12 genotype. Therefore, DE089 was ideally suited to 

generate near isogenic lines (NILs) for simultaneous fine-mapping of the 4OH-I3M 

and 4MO-I3M QTL near the bottom of chromosome 5.  
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We crossed DE089 with Ei-2, and analyzed 500 F2 progeny for recombinants 

in the QTL candidate region. We genotyped with markers MNC6 and 5FM9, located 

near the borders of the chromosomal segment segregating in DE089 × Ei-2 progeny, 

and with further markers between MNC6 and 5FM9, spaced at an average distance 

of ca. 600 kb (Figure 2A). Analysis of glucosinolate profiles confirmed that the indole 

glucosinolate QTL were segregating in F2 progeny.  

From F2 progeny we selected two series of recombinant plants for further fine-

mapping. One series of F2 progeny was homozygous Da(1)-12 at one side of the 

QTL candidate region, the other series was homozygous Ei-2. In both series, the 

remainder of the QTL candidate region was heterozygous, and segregated in the F3 

progeny (Figure 2A). We selected 25 families of recombinant F2 plants such that their 

recombination breakpoints allowed us to break down the QTL candidate region into 

intervals of approximately equal size. From each family we grew 16 progeny 

randomized over five 96-celled flats, analyzed glucosinolate profiles at 3 weeks age, 

and genotyped plants with the same marker set as before. We also added two further 

markers, 5FM39 and 5FM42, to improve resolution. We found high statistical support 

for a 4MO-I3M QTL between markers 5FM39 and MMN10 (Figure 2B). This QTL 

peaked near marker 5FM42 (N = 251, df = 1, F = 140.1, P < 10-7 for Da(1)-12 versus 

Ei-2 genotypes, and N = 351, df = 2, F = 72.8, P < 10-7 when heterozygote genotypes 

were included). Likewise, we found evidence for a 4OH-I3M QTL. Here, the QTL 

peaked near marker 5FM39 (N = 157, df = 1, F = 9.5, P < 0.003, and N = 203; df = 2, 

F = 4.1, P < 0.02, respectively). Ei-2 genotypes accumulated more 4OH-I3M and 

4MO-I3M than Da(1)-12 genotypes, and heterozygotes had an intermediate 

glucosinolate phenotype (Figure 3).  

Next, we visually inspected the data from F3 progeny that had recombined 

near or within the QTL candidate region between 5FM39 and MMN10. 4OH-I3M 

quantity was too low to reliably detect variation on a within-family basis. Therefore, 

we focused on 4MO-I3M. The 4MO-I3M QTL was segregating in families 6A2, 5G10, 

8C2, and 5H5, but not in families 5C7, 7E10, 7A10, and 6G9. Visual inspection of 

variation in 4MO-I3M accumulation within families was consistent with our previous 

QTL mapping results, and placed the 4MO-I3M QTL between 5FM39 and 5FM42, in 

an interval corresponding to ca. 1.1 Mbp of the Col-0 genome (Please refer to 

Supplemental Results for details). 
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At the final stage we fine-mapped recombination breakpoints in families 5G10, 

6A2, and 8C2. The 4MO-I3M QTL segregated in these families with recombination 

breakpoints in close vicinity of the presumptive QTL. We placed three markers, 

5FMJ01, 5seq01, and 5seq02, in the interval between 5FM39 and 5FM15, and two 

further markers, 5seq03 and 5seq05, between 5FM15 and 5FM42 (Figure 2A). 

Family 5G10, with an Ei-2 genotype at 5FM39, turned out to segregate at 5FMJ01 

and thus provided no further information on the QTL position. In family 6A2 alleles 

segregated at markers 5seq01 and 5seq02 but not at 5FMJ01, indicating that the 

QTL was located downstream of 5FMJ01. Finally, in family 8C2, marker 5seq03 

segregated but not marker 5seq05; hence, 5seq05 marked the right-hand border of 

the QTL candidate region. 

In summary we were able to place the 4MO-I3M QTL between 5FMJ01 and 

5seq05. This interval corresponds to 283 kb in Col-0 and contains nearly 70 genes. 

Low 4OH-I3M quantity precluded a comparably exact delimitation of the 4OH-I3M 

QTL. Nonetheless, results from single marker analyses suggested that the 4OH-I3M 

QTL was located near marker 5FM39, close to the 4MO-I3M QTL. 

 

Identification of Candidate Genes with Transcript Profiling 

QTL can be caused by structural variation in the underlying genes, i.e. by differences 

in the amino acid sequence of the gene products, or by regulatory variation causing 

differences in gene expression. Transcript profiling with microarrays is a convenient 

means to monitor differences in transcript levels of a large number of genes 

simultaneously. We used Agilent Arabidopsis 3 arrays to compare DE089 and Ei-2 

transcriptomes under two different experimental conditions, each with three biological 

replicates per plant line. In the first set of hybridizations, we measured transcripts of 

unmanipulated DE089 and Ei-2. In the second set of hybridizations, we compared 

transcript levels after 9-hour herbivory with one 3-day old larva of the Cabbage white 

butterfly (Pieris brassicae) per plant. 

After RNA-isolation, hybridization and data processing, we focused on the 

genes in the QTL candidate interval between markers 5FMJ01 and 5seq05. Most 

genes had similar transcript levels in Ei-2 and DE089, but there were two notable 

exceptions (Figure 2C). In both control and herbivory experiments, At5g57123 and 

At5g57220 had much higher transcript levels in Ei-2 than in DE089. At5g57123 
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encodes an unknown protein with a putative DNA-binding domain, and At5g57220 is 

annotated as a gene for a cytochrome P450 monooxygenase of the CYP81F 

subfamily, CYP81F2.  

 

T-DNA Insertions in CYP81F2 Cause Reduced Levels of Modified Indole 
Glucosinolates  

Because cytochromes P450 are often involved in the biosynthesis of plant secondary 

metabolites and typically catalyze oxygenation reactions (Werck-Reichhart and 

Feyereisen, 2000; Guengerich, 2001; Werck-Reichhart et al., 2002), CYP81F2 

appeared to be a promising candidate gene for the QTL. We obtained two SALK lines 

with T-DNA insertions in CYP81F2 (Alonso et al., 2003) from the Arabidopsis stock 

centers, SALK_123882 and SALK_005861. In SALK_123882, the T-DNA is located 

in the second exon of CYP81F2, and in SALK_005861, the T-DNA is inserted in the 

third exon very close to the stop codon (Figure 4). Because we could not determine 

the exact position of the insertion in SALK_005861 from the sequence deposited in 

the T-DNA insertion database (http://signal.salk.edu/cgi-bin/tdnaexpress), we re-

sequenced the T-DNA insertion site and found the insertion located 10 nucleotides 

upstream of the CYP81F2 stop codon. As a result, the gene product encoded by 

SALK_005861 had an altered composition of the 4 original C-terminal amino acids 

and an extension of 26 amino acids.  

 To identify plants with homozygous mutant CYP81F2 alleles, we planted 

several seeds from each line and screened for the presence/absence of the T-DNA 

insertion. From SALK_123882, we obtained homozygous (CYP81F2Δ/Δ) and 

heterozygous (CYP81F2Col/Δ) mutant progeny and also progeny without a T-DNA 

insertion in At5g57220 (CYP81F2Col/Col). From SALK_005861, we obtained progeny 

with homozygous mutant and homozygous wildtype alleles but no heterozygotes. We 

also examined the number of T-DNA insertions with DNA gel blots. Hybridization 

experiments were compatible with the presence of a single T-DNA insertion in 

SALK_123882, but SALK_005861 had multiple insertions. 

All SALK_123882 and SALK_005861 genotypes had a typical Col-0 

glucosinolate profile (Kliebenstein et al., 2001a), with two notable exceptions. 

Compared to CYP81F2Col/Col, CYP81F2Δ/Δ plants from SALK_123882 progeny 

accumulated significantly less 4MO-I3M (N = 68, df = 1, F = 763.0, P < 0.000001) 
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and 4OH-I3M (N = 55, df = 1, F = 61.4, P < 0.000001). Likewise, CYP81F2Δ/Δ plants 

from SALK_005861 progeny produced significantly less 4MO-I3M (N = 68, df = 1, F = 

881.6, P < 0.000001) and 4OH-I3M (N = 57, df = 1, F = 20.9, P < 0.00003) than 

control plants (Figure 3). For all other glucosinolates we did not detect any significant 

difference between CYP81F2Col/Col and CYP81F2Δ/Δ genotypes. In particular, the 

other indole glucosinolates, I3M and 1MO-I3M, did not show significant differences 

between mutant and wildtype genotypes (all: N = 68, df = 1, F < 1.5, P > 0.2). Hence, 

in comparison to the CYP81F2 wildtype, T-DNA insertion mutants showed a 

substantial reduction in both 4OH-I3M and 4MO-I3M, indicating that a single gene 

encoding CYP81F2 controlled both the 4OH-I3M and the 4MO-I3M QTL. 

 

The T-DNA Insertion in SALK_123882 Mutants Causes Degradation of CYP81F2 
Transcripts  

In a separate experiment, we included heterozygous SALK_123882 progeny 

(CYP81F2Col/Δ) and repeated our glucosinolate analyses. This experiment confirmed 

our previous results; CYP81F2Δ/Δ genotypes had significantly reduced 4OH-I3M and 

4MO-I3M levels. However, CYP81F2Col/Δ genotypes showed an unexpected 

phenotype, accumulating only slightly more of modified indole glucosinolates than 

homozygous mutants (CYP81F2Δ/Δ). This was in strong contrast to heterozygous F2 

and F3 progeny from DE089 × Ei-2 which had intermediate 4OH-I3M and 4MO-I3M 

phenotypes (Figure 3). Therefore, we investigated CYP81F2 transcript levels in 

SALK_123882 and SALK_005861 progeny with RT-PCR. Two control transcripts, 

coding for RPS18B and actin7, respectively, amplified equally well in all progeny, 

independent of the CYP81F2 genotype. Likewise, CYP81F2 transcripts had 

approximately equal levels in CYP81F2Δ/Δ and CYP81F2Col/Col genotypes from 

SALK_005861 progeny. However, in SALK_123882 progeny we detected a clearly 

visible PCR product only when plants carried two wildtype CYP81F2 alleles (Figure 

5). We found no PCR product in homozygous mutants, indicating that the inserted T-

DNA caused a degradation of the CYP81F2 transcripts. In heterozygotes we 

sometimes found very weak signals, but the amount of PCR product was always 

much lower than half the product intensity of homozygous wildtypes. Thus, in 

heterozygotes, the T-DNA insertion affected not only transcripts of the mutant allele 

but also triggered degradation of transcripts from the functional allele, probably by 
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some form of nonsense-mediated RNA decay. Hence, in SALK_123882 progeny, 

RT-PCR patterns of the different CYP81F2 genotypes matched glucosinolate 

phenotypes, with heterozygotes having minimal levels of CYP81F2 transcript and 

only slightly higher quantities of 4OH-I3M and 4MO-I3M than homozygous mutants.  

 

CYP81F2 Catalyzes the Conversion of I3M to 4OH-I3M 

The current model of indole glucosinolate biosynthesis (http://www.arabidopsis.org) 

suggests that 4MO-I3M is generated from I3M via 4OH-I3M as an intermediate. 

Variation in a single gene, CYP81F2, causes quantitative difference in the 

accumulation of both 4OH-I3M and 4MO-I3M among Arabidopsis accessions and in 

T-DNA insertion lines. This observation led us to postulate that CYP81F2 catalyzes 

the conversion of I3M to 4OH-I3M. To test this hypothesis, we expressed CYP81F2 

in insect cells, and conducted enzyme assays with the intact I3M, isolated from seeds 

of Dyer’s woad (Isatis tinctoria), as a substrate. Because of an N-terminal membrane 

anchor in the mature protein, we used the microsome fraction of the insect cells for 

our assays. We included two appropriate controls, microsomes isolated from Sf9 

cells expressing a gene from the European cabbage butterfly (Pieris rapae), and a 

buffer control. In all samples, the peak corresponding to I3M was clearly visible with 

HPLC (Figure 6). However, we obtained a second major peak in the samples with 

heterologously expressed CYP81F2 but not in the controls. We converted the 

respective compound to its desulfo form and subjected it to liquid chromatography-

mass spectrometry (LC-MS). The mass spectrum of this reaction product showed a 

base peak of m/z 385 [M+H]+ and a typical fragment of m/z 223 [M-Glucose+H]+. 

Hence, the molecular weight of this reaction product was +16 compared to the 

substrate, I3M (desulfo form m/z 369 [M+H]+), corresponding to the addition of a 

hydroxy-group. Furthermore, we compared the retention time of the reaction product 

with known glucosinolate profiles from different Arabidopsis accessions (Kliebenstein 

et al., 2001a; Pfalz et al., 2007) and found it to elute at exactly the same retention 

time as 4OH-I3M. We also tested desulfo-I3M but CYP81F2 had no activity with this 

substrate. Thus, CYP81F2 was indeed capable of catalyzing the suspected reaction, 

the conversion of I3M to 4OH-I3M. 
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CYP81F2 Sequence Variation between Col-0, Da(1)-12 and Ei-2 

At5g57220 is annotated as a member of the CYP81F subfamily of cytochrome P450s 

(http://www.arabidopsis.org). The gene has three exons and two introns (Figure 4), 

and encodes a protein of 491 amino acids. TargetP predicts an N-terminal signal 

peptide of 27 amino acids in the translated sequence, serving as a membrane anchor 

(Emanuelsson et al., 2000; Nielsen et al., 1997). ScanProsite identified a cytochrome 

P450 cysteine heme-iron ligand signature, comprising amino acids 422 – 431 

(www.expasy.ch/tools/scanprosite/). Furthermore, we detected a ‘proline-rich 

membrane hinge’ next to the signal peptide, an ‘I-helix’ involved in oxygen binding 

and activation (aa 295 – 299), and an ‘E-R-R triad’ (aa 352 – 355) with a ‘PERF’ 

consensus (aa 407 – 410) in the primary protein sequence. These features are 

typical and conserved structures in cytochrome P450s (Paquette et al., 2000; Werck-

Reichhart et al., 2002). 

We sequenced a ~ 3.9 kb fragment containing CYP81F2 from Da(1)-12 and 

Ei-2. This fragment included approximately 1,200 base pairs of sequence upstream 

of the start and 900 base pairs downstream of the stop codon. The Da(1)-12 

sequence was nearly identical to the Col-0 sequence, except for one single 

nucleotide polymorphism (SNP) in the intergenic region between At5g57220 and 

At5g57230 (Figure 4). By contrast, we identified numerous sequence differences 

between Ei-2 and Col-0 or Da(1)-12. However, only four nucleotide substitutions 

altered the meaning of codons in the open reading frame, and all caused 

conservative amino acid exchanges. For example, two non-synonymous substitutions 

were found in the N-terminal membrane anchor, and in both cases a hydrophobic 

amino acid was replaced by another hydrophobic amino acid (Figure 4). In the 

promoter region, we found more substantial differences. This region contained ca. 25 

SNPs, and several insertion/deletion polymorphisms, the largest consisting of a 

stretch of 35 nucleotides absent from the Ei-2 sequence. These data suggest that the 

indole glucosinolate QTL near the bottom of chromosome 5 is controlled by variation 

in the CYP81F2 promoter, although we cannot entirely exclude the possibility that 

structural variation in the amino acid sequence causes differences in the biochemical 

properties of CYP81F2 variants. 
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Two Expression QTL Control CYP81F2 Transcript Levels 

Microarray hybridization experiments enabled us to identify CYP81F2 as a candidate 

gene underlying the 4OH-I3M and 4MO-I3M QTL, because DE089 and Ei-2 

displayed strong differences in CYP81F2 transcript accumulation under two different 

experimental conditions. In both experiments, Ei-2 accumulated substantially more 

transcript than DE089 (Figure 2C). This difference in expression correlated with 

glucosinolate phenotypes (Figure 3). Likewise, Da(1)-12 × Ei-2 RILs with an 

CYP81F2 Ei-2 genotype produced on average more 4OH-I3M and 4MO-I3M than 

Da(1)-12 genotypes (Figure 1; Pfalz et al., 2007). 

To confirm our microarray data, we analyzed CYP81F2 transcript levels in 

Da(1)-12, Ei-2 and DE089 with quantitative RT-PCR. We included three biological 

replicates per line and compared ΔCt values between lines (Supplemental Table 1). 

As expected, we found low CYP81F2 expression in DE089, corresponding to ca. 31 

% of the Ei-2 transcript level. Surprisingly, the other parental line, Da(1)-12, had 

CYP81F2 transcript levels comparable to Ei-2. This led us to suspect that additional 

factors, encoded outside of the chromosomal segment segregating in DE089 × Ei-2 

progeny, contributed to CYP81F2 expression control. 

To test this hypothesis we analyzed CYP81F2 transcript levels in Da(1)-12 × 

Ei-2 RILs with quantitative RT-PCR to map expression QTL (eQTL). We grew plants 

randomized in 96-celled flats, with 1 replicate per RIL, and carried out RT-PCR in 96-

well PCR plates, with control (RPS18B) and test (CYP81F2) gene assays on the 

same plate. Altogether, we analyzed 181 RILs and, thus, each marker/genotype 

combination was replicated ~90 times. For each RIL, we calculated ΔCt(Test Gene – Control 

Gene). To control for plate-to-plate variation in RT-PCR efficiency, we normalized data 

such that all plates had identical sums of ΔCt values. These data were then used as 

the input for QTL cartographer (Wang et al., 2001-2004). 

As expected, we found a cis-acting eQTL near CYP81F2 but we also detected 

an eQTL in trans near the bottom of chromosome 1 (Figure 1). This eQTL co-

localized with another metabolic QTL (mQTL) that affected 4MO-I3M but not 4OH-

I3M accumulation (Pfalz et al., 2007). To test for a potential epistatic interaction 

between both eQTL, we used markers MSAT1.1, closely linked to the eQTL on 

chromosome 1, and MMN10, near CYP81F2, with the following statistical model:  

ΔCt = CONSTANT + MSAT1.1 + MMN10 + MSAT1.1 * MMN10 
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Both markers, MSAT1.1 (N = 174, df = 1, F = 22.80, P < 0.00001) and MMN10 

(N = 174, df = 1, F = 27.36, P < 0.000001), were significantly associated with 

CYP81F2 expression. The interaction term MSAT1.1 * MMN10 was not significant (N 

= 174, df = 1, F = 0.28, P = 0.60), indicating independence of the two eQTL. 

Furthermore, eQTL effects had opposite directions. For MSAT1.1, we obtained 

ΔΔCt(Ei-2 – Da(1)-12) = 0.74, indicating higher expression in RILs with a Da(1)-12 

genotype. For MMN10, a ΔΔCt(Ei-2 – Da(1)-12) value of –0.80 indicated higher expression 

in the Ei-2 genotype. Hence, eQTLs were additive and eQTL effects compensated 

each other in Da(1)-12 and Ei-2, resulting in nearly equal CYP81F2 expression in 

these accessions.  

Finally, we tested for an association between CYP81F2 transcript quantity and 

indole glucosinolate accumulation in Da(1)-12 × Ei-2 RILs. Indole glucosinolate data 

were taken from a previously published analysis (Pfalz et al., 2007). ΔCt values were 

negatively correlated with 4OH-I3M (rG = –0.22, t = –2.93, P = 0.0038) and 4MO-I3M 

(rG = –0.39, t = –5.62, P < 0.00001) but not with I3M and 1MO-I3M (both: P > 0.35; 

n.s.). Hence, because large ΔCt values indicate low and small values high transcript 

levels, the expression of CYP81F2 is positively correlated with the production of both 

4OH-I3M and 4MO-I3M.  

 

CYP81F2 Contributes to Resistance against Aphids but not Lepidopteran 
Herbivores 

To determine a potential ecological function of CYP81F2, we tested the performance 

of several insects on Col-0 wildtype and on SALK_005861 and SALK_123882 

progeny with CYP81F2Col/Col and CYP81F2Δ/Δ genotypes. We used larvae from four 

lepidopteran species, the crucifer specialists Diamondback moth (Plutella xylostella) 

and Pieris brassicae, and the generalist herbivores Cabbage looper (Trichoplusia ni) 

and Beet armyworm (Spodoptera exigua). We conducted herbivory assays to 

examine whether larvae fed differentially on mutant and wildtype plants, but found 

that CYP81F2 genotype did not significantly influence any of the lepidopterans (Table 

1). 

We also investigated the performance of the green peach aphid (Myzus 

persicae), a generalist phloem-feeding insect (Pollard, 1972), and measured its 

proliferation contingent on plant genotype. Here, we reared aphids for several 
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generations either on Col-0 or on CYP81F2Δ/Δ genotypes before we transferred the 

aphids to test plants and started our experiments. We included this factor ‘origin’ in 

our statistical models. Plant genotype had a significant effect on aphid proliferation 

(Figure 7). We found fewer aphids on CYP81F2Col/Col than on CYP81F2Δ/Δ genotypes 

(N = 82, df = 1, F = 9.19, P = 0.0033) irrespective of whether aphids had been 

previously reared on plants with wildtype or with mutant CYP81F2 alleles. 

Furthermore, the pre-experimental rearing procedure strongly influenced aphid 

performance. Aphids that originated from wildtype plants proliferated less well than 

aphids that came from mutant plants (N = 82, df = 1, F = 13.04, P = 0.00056). 

However, we found no interaction between both variables (N = 82, df = 1, F = 0.89, P 

= 0.37, n.s.), indicating that plant genotype effects during the experiment were 

independent of genotype effects in the pre-experimental treatment. This showed that 

aphids did not adapt to the genotype on which they had been reared. 

 

 

DISCUSSION 

 

The Role of CYP81F2 in the Biosynthesis of Modified Indole Glucosinolates 

Most reaction steps in the biosynthesis of I3M from tryptophan are known and the 

underlying genes have been cloned (Figure 8). Tryptophan is synthesized in the 

plastids (Li et al., 1995; Zhao and Last, 1995; Bak et al., 1998), and CYP79B2 and 

CYP79B3 which convert tryptophan to indole-3-acetaldoxime, contain plastid transit 

peptides (Hull et al., 2000; Mikkelsen et al., 2000). All other enzymes of the indole 

glucosinolate core pathway have no discernable plastid targeting sequences, 

indicating that subsequent reaction steps take place in other cell compartments. 

CYP83B1 N-hydroxylates indole-3-acetaldoxime to the corresponding aci-nitro 

compound, 1-aci-nitro-2-indolyl-ethane (Bak and Feyereisen, 2001; Bak et al., 2001; 

Hansen et al., 2001; Naur et al., 2003). This compound is conjugated with an S-

donor, most likely cysteine (Wetter and Chisholm, 1968). The respective genes and 

enzymes are not yet known (Halkier and Gershenzon, 2006). Next, a C-S-lyase 

converts S-indolyl-thiohydroximate to the corresponding thiohydroximate (Mikkelsen 

et al., 2004), followed by a glycosylation which is catalyzed by an S-
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glycosyltransferase to form desulfo-I3M (Grubb et al., 2004). The final reaction in the 

core structure pathway is carried out by a family of three desulfoglucosinolate 

sulfotransferases, with AtST5a preferably acting on desulfo-I3M (Piotrowski et al., 

2004). 

The current model of indole glucosinolate biosynthesis 

(http://www.arabidopsis.org) suggests that 4OH-I3M and 4MO-I3M originate from I3M 

by a common pathway. Detached leaves of Arabidopsis cyp79B2 cyp79B3 double 

mutants (Zhao et al., 2002), blocked early in the indole glucosinolate pathway, can 

convert artificially supplied I3M to 4MO-I3M but only when they are infested with 

aphids (Kim and Jander, 2007). We show that CYP81F2 catalyzes the first reaction in 

this pathway, the hydroxylation at position 4 of the indole ring, which results in the 

formation of 4OH-I3M. Generation of 4MO-I3M, however, requires the subsequent 

methylation of the hydroxy group, which is probably catalyzed by an as yet 

unidentified methyltransferase. The respective gene appears to be not variable in 

Da(1)-12 × Ei-2, and therefore remained undetected during QTL mapping. 

Nonetheless, this reaction sequence explains why natural variation in a single gene, 

CYP81F2, causes both a 4OH-I3M and a 4MO-I3M QTL and why mutations in this 

gene affect both compounds simultaneously; reduction of the metabolic flux from I3M 

to the 4OH intermediate reduces the quantity of the substrate available for the 

methylation reaction and, hence, the accumulation of the end product, 4MO-I3M. 

Levels of 1MO-I3M, the third modified indole glucosinolate in Arabidopsis, remained 

unaffected by mutations in CYP81F2, corroborating our previous finding that different 

QTL control natural variation in 1MO-I3M versus 4OH-I3M and 4MO-I3M 

accumulation in Da(1)-12 × Ei-2 RILs (Pfalz et al., 2007). This is consistent with 

1MO-I3M originating from I3M by another pathway than 4OH-I3M and 4MO-I3M. 

However, in contrast to the indole glucosinolate biosynthesis model 

(http://www.arabidopsis.org) we surmise that I3M is not directly converted to 1MO-

I3M but rather via a 1OH intermediate, in analogy to the reaction scheme for the 

generation of 4MO-I3M. 
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Natural Variation in the Quantitative Genetic Architecture of Modified Indole 
Glucosinolate Biosynthesis 

T-DNA insertions in CYP81F2 strongly impair 4OH-I3M and 4MO-I3M production. 

RT-PCRs failed to amplify CYP81F2 cDNA in SALK_123882 CYP81F2Δ/Δ genotypes, 

while control genes had wildtype levels of PCR product. Heterozygotes, with one 

intact copy of CYP81F2, accumulated only minimal amounts of CYP81F2 cDNA 

(Figure 5), and the glucosinolate profile of CYP81F2Col/Δ genotypes was almost 

indistinguishable from CYP81F2Δ/Δ plants. Hence, the T-DNA insertion in 

SALK_123882 causes a complete knockout of CYP81F2 function. Nonetheless, even 

homozygous mutant plants produced basic levels of 4OH-I3M and 4MO-I3M. This 

suggests that other gene products are also capable of catalyzing the oxygenation of 

I3M to 4OH-I3M, a hypothesis that we are currently testing. Candidate genes are the 

three other members of the Arabidopsis CYP81F subfamily, At4g37400, At4g37410 

and At4g37430 which form a small gene cluster on A. thaliana chromosome 4. 

To identify the molecular basis for the IGM1 QTL, we investigated differences 

between the Col-0, Da(1)-12 and Ei-2 CYP81F2 sequences. While the sequenced 

region was almost identical in Col-0 and Da(1)-12, Ei-2 deviated at numerous 

positions, both in the promoter and in the coding region. However, non-synonymous 

substitutions were rare and all involved conservative amino acid replacements, 

suggesting that the 4OH-I3M and 4MO-I3M QTL are most likely caused by 

quantitative variation in CYP81F2 transcript levels. This matches the observation of 

Wentzell et al. (2007) who found that many mQTL in glucosinolate biosynthesis are 

caused by differences in transcript abundance of the underlying genes and, hence, 

co-localize with corresponding eQTL. Indeed, CYP81F2 transcript levels correlated 

well with 4OH-I3M and 4MO-I3M quantity in Da(1)-12 × Ei-2 RILs, and mapping 

revealed the presence of two eQTL, one in cis and another one in trans on 

chromosome 1. These QTL compensated each other in the parental lines, Da(1)-12 

and Ei-2, which had nearly equal CYP81F2 steady-state transcript levels. Transcript 

levels were highest in RILs with a combination of Ei-2 alleles at the cis and Da(1)-12 

alleles at the trans eQTL, and lowest in the reciprocal combination, as exemplified by 

the DE089 RIL. This suggests that the Ei-2 CYP81F2 promoter contains an activating 

element that is absent from Da(1)-12 (or, vice versa, lacks a repressing element 

present in Da(1)-12). The corresponding transcription factor remains to be identified. 

It is, however, not likely that this factor is encoded by the gene that underlies the 
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trans eQTL in Da(1)-12 × Ei-2, because cis and trans eQTL act additively and are, 

hence, independent of each other. Likewise, the gene causing the trans eQTL 

represents a novel regulator specifically acting on CYP81F2 expression. Most other 

regulators known to be involved in the formation of indole glucosinolates, 

ATR1/MYB34 (Bender and Fink, 1998; Celenza et al., 2005), IQD1 (Levy et al., 

2005), and HIG1/MYB51 (Gigolashvili et al., 2007), appear to affect all indole 

glucosinolates equally and are encoded by genes whose position does not match the 

QTL location. A notable exception is AtDof1.1, whose overexpression causes an 

increase in I3M but a decrease in 4MO-I3M (Skirycz et al., 2006), but again, the 

location of this gene does not correspond to the eQTL position.  

 

Ecological Consequences of Variation in Indole Glucosinolates 

Several studies have indicated that glucosinolates can play an important role in 

Arabidopsis defense against aphids. High IQD1 expression which increases total 

glucosinolate levels made Arabidopsis less attractive to Myzus persicae in choice 

assays (Levy et al., 2005). Likewise, relative performance of two aphid species, 

Myzus persicae and the cabbage aphid (Brevicoryne brassicae), was negatively 

correlated with total glucosinolate content in Arabidopsis genotypes with mutations in 

different phytohormone signaling pathways (Mewis et al., 2005). Subsequently, this 

inhibitory effect on aphid proliferation was more specifically attributed to indole 

glucosinolates and their breakdown products (Kim and Jander, 2007; Kim et al., 

2008), although a contribution of aliphatic glucosinolates to aphid resistance cannot 

yet be excluded. Aphid-induced changes in Arabidopsis leaf glucosinolate profiles are 

largely negligible, with some variation in short-chain (Mewis et al., 2005; Mewis et al., 

2006) or long-chain (Kim and Jander, 2007) aliphatic glucosinolates, but with a high 

and statistically significant increase in 4MO-I3M levels (Kim and Jander, 2007). Our 

own analyses were, in general, consistent with these results, but in addition to 

elevated 4MO-I3M levels upon aphid infestation we also found a higher quantity of 

4OH-I3M, which was not measured in the other studies. Changes in the CYP81F2 

mutant glucosinolate profiles in response to aphid feeding paralleled the changes in 

wildtype, except for 4OH-I3M and 4MO-I3M which remained, as expected, 

unchanged and at low levels in the mutants. 
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In assays with artificial diet supplemented with I3M, 4MO-I3M, 1MO-I3M, or 

the aliphatic glucosinolate sinigrin, 4MO-I3M turned out as the strongest inhibitor of 

aphid proliferation. Addition of myrosinase, the plant glucosinolate breakdown 

enzyme, increased the inhibitory effect of I3M and 1MO-I3M to a level equivalent to 

artificial diet supplemented with 4MO-I3M alone (Kim and Jander, 2007). Thus, 4MO-

I3M has a particularly strong impact on Myzus persicae proliferation in vitro. Our 

assays, comparing aphid proliferation on CYP81F2 wildtype versus mutant plants 

show that this also holds true in planta, and demonstrate that CYP81F2 is an 

important player in Arabidopsis defense against aphids. 

 

Perspectives for Targeted Manipulation of Glucosinolate Profiles 

Most transcription factor genes known to be involved in the regulation of the indole 

glucosinolate pathway affect all indole glucosinolates similarly. Likewise, mutations in 

functional genes typically disturb this entire class of glucosinolates. For example, 

cyp79B2 cyp79B3 double knock-outs are almost completely devoid of indole 

glucosinolates (Zhao et al., 2002), cyp83B1 was found to have reduced levels of all 

indole glucosinolates (Naur et al., 2003), and impaired C-S lyase function blocked 

glucosinolate synthesis completely (Mikkelsen et al., 2004). Furthermore, alterations 

in the indole glucosinolate core pathway have often side effects including aberrant 

plant growth because pathways for the synthesis of the plant hormone auxin and for 

indole glucosinolate biosynthesis partially overlap. Thus, genetic alteration of known 

transcription factors or of structural genes involved in the indole glucosinolate core 

pathway does not yet allow a targeted manipulation of specific glucosinolates and is 

rarely likely to yield the desired results, a healthy plant with increased herbivore 

resistance. The identification of CYP81F2 controlling the IGM1 QTL may offer a new 

perspective for metabolic engineering of glucosinolates against aphids, because 

mutations in CYP81F2 specifically act on 4OH-I3M and 4MO-I3M while the levels of 

all other glucosinolates do not change detectably and plants appear to be perfectly 

normal. It remains to be seen, however, whether this is also the case when CYP81F2 

expression is artificially increased above wildtype levels. 
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METHODS 

 

Plant Material and Growth Conditions 

The Da(1)-12 × Ei-2 RIL population was developed at the Max Planck Institute for 

Chemical Ecology, Jena, and has been described previously (Pfalz et al., 2007). All 

other plant material was obtained from the Nottingham Arabidopsis Stock Center. 

Seeds were sowed into damp potting medium, covered with clear plastic grow 

domes, and seeds were stratified for 3-4 days at 6 °C in the dark. Grow domes were 

removed 5 days after transfer to the light. Seedlings were transferred to 1:3 

vermiculate/potting soil mix with 20 ml time release fertilizer (Osmocote) per flat. 

Plants were grown in 11.5 h day/12.5 h night cycles at 22 °C and 60 % relative 

humidity (day), and 16 °C and 80 % relative humidity (night) in an environment-

controlled growth room. Light was supplied by NH 360 FLX Sunlux ACE bulbs with 

an intensity of 200 µmol s-1 m-2. Assays were, in general, carried out with 3-week old 

plants. 

 

Glucosinolate Extraction and Analysis 

For glucosinolate analyses from DE089 × Ei-2 progeny, 100 mg fresh leaf material 

was harvested and immediately frozen in liquid nitrogen, lyophilized to dryness and 

ground to a fine powder with seven 2.3 mm ball bearings in a paint shaker. 

Glucosinolates were extracted in a 96-well format as described in Kliebenstein et al. 

(2001a). HPLC separation and identification of extracted desulfo-glucosinolates were 

carried out according to Kroymann et al. (2001). For glucosinolate analyses of T-DNA 

insertion line progeny, 1 g fresh leaf material was used and glucosinolates were 

extracted according to a protocol modified from Brown et al. (2003), to accommodate 

for reduced 4OH-I3M and 4MO-I3M levels.  

 

Genotyping and DNA Gel Blot Analyses 

For mapping purposes, DNA was extracted from 1–2 freeze-dried leaves as 

described in Kroymann et al. (2001). Genotyping was performed with PCR-based 

markers (Supplemental Table 2). PCR reactions contained, in general, ca. 30 ng 

DNA, 2.3 µl 10x PCR buffer (Qiagen), 4 nmol of each dNTP, 1.25 pmol of each of 
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both primers, 70 nmol MgCl2, and 0.15 U Taq DNA polymerase (Qiagen) in a 23 µl 

volume. Cycling conditions were 94 °C for 2 min, followed by 38 cycles of 94 °C for 

15 s, 50 °C or 55 °C for 15 s, and 72 °C for 30 s, with a final extension of 72 °C for 2 

min on an Applied Biosystems 9700 Thermocycler. PCR products obtained with 

primers 5seq01f/r, 5seq02f/r, 5seq03f/r, and 5seq05f/r harbor single nucleotide 

polymorphisms (Accession nos. AM412009 – AM412016). These products were gel 

purified with QiaQuick columns (Qiagen) and sequenced directly. The other PCR 

products were separated on 4 % MetaPhor (BMA) agarose gels. 

Progeny from SALK T-DNA insertion lines SALK_123882 and SALK_005882 

(Alonso et al., 2003) was tested for the presence of T-DNA insertions in CYP81F2 

(At5g57220). Primers 123882-f and 123882-r produced a PCR product when 

SALK_123882 progeny carried a CYP81F2 wildtype allele, and primers LBb1 and 

SALK_123882-r when plants carried a mutant allele. Similarly, in SALK_005861 

progeny primers 005861-f and 005861-r generated a PCR product from the wildtype 

and primers LBb1 and 005861-f from the mutant allele (Figure 4). 

The number of T-DNA insertions in SALK_005861 and SALK_123882 was 

analyzed with DNA gel blots, using 2 µg XbaI-restricted DNA per plant and a 

fragment of ca. 300 bp amplified from the left border region of the T-DNA with 

primers T-DNA_L1F and T-DNA-L1R (Supplemental Table 2) as a hybridization 

probe.  

 

RNA Isolation for Hybridization of Agilent Arrays and for Quantitative Real-
Time PCR 

Per plant, three leaves were used for RNA extraction. Leaf material was ground to a 

fine powder in liquid N2, and total RNA was isolated using the TRIzol Reagent 

(Invitrogen) according to the manufacturers´ instructions. A DNAse (Turbo DNAse, 

Ambion) treatment followed to eliminate any contaminating DNA. A second 

purification step was performed with RNeasy MinElute columns (Qiagen) to remove 

DNAse and any contaminating polysaccharides and proteins. RNA integrity was 

verified on an Agilent 2100 Bioanalyzer using RNA Nano chips. RNA quantity was 

determined on a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies) or 

with a BioPhotometer 6131 (Eppendorf). 
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Amplification, Labeling and Hybridization 

Total RNA was amplified using the Agilent low input linear amplification kit according 

to the process outlined by the manufacturer (Agilent). 1-5 µg of amplified target cRNA 

was labeled with either cy5 or cy3 using the Micromax kit (Applied Biosystems). The 

labeled material was passed through Zymo RNA Clean-up Kit-5 columns (Zymo 

Research Corporation) to remove any unincorporated label and eluted in 15-20 µl of 

RNAse-free water (Ambion). Concentration of labeled cRNA and label incorporation 

was determined by Nanodrop-1000 spectrophotometer analysis. Labeled material 

was hybridized onto Agilent Arabidopsis 3 Arrays o/n in a rotating oven at 60 °C and 

slides were processed as outlined in the Agilent processing manual. Arrays were 

scanned using the Agilent G2565BA fluorescent microarray scanner. Agilent’s feature 

extraction software (Version 7.5) was used for extracting array data. Further analysis 

was done with Rosetta Luminator (at MOgene LC) and with GeneSifter (VizXlabs) 

software. 

 

Quantitative Real-Time PCR 

500 ng of DNA-free total RNA was converted into single-stranded cDNA using a mix 

of random and oligo-dT20 primers according to the ABgene protocol (ABgene). Real-

time PCR oligonucleotide primers were designed using the online Primer3 internet 

based interface (http://frodo.wi.mit.edu). Gene-specific primers were designed on the 

basis of sequence obtained for CYP81F2 and several additional genes (At1g54270 = 

EIF-4A2, At1g34030 = RPS18B, At2g18110 = EF1-beta, At2g29550 = Tubulin beta-7 

chain, At5g09810 = Actin7) as potential house-keeping genes to serve as the 

endogenous control (normalizer). Primer design, qRT-PCR conditions, dissociation 

curve analysis, tests of dynamic range and quantification were carried out as 

described previously (Freitak et al., 2007).  

The comparative quantitation method (ΔΔCt) was used to contrast the different 

treatments and tissues (Livak and Schmittgen 2001). Ct values quantify the number 

of PCR cycles necessary to amplify a template to a chosen threshold concentration, 

ΔCt values quantify the difference in Ct values between a test and a control gene for 

a given sample, and ΔΔCt values are used for the comparison between two samples. 

ΔΔCt values were transformed to absolute values with 2-ΔΔCt for obtaining relative fold 

changes. Except for the RIL population, all assays were run in triplicate (biological 

Marina Pfalz 96 Manuscript V



 

 

 
 

22

replication) and duplicate (technical replication) to control for overall variability. 

Relative fold changes for each gene were set to 1 for the control. 

 

Expression Constructs and Heterologous Expression in Sf9 cells 

Total RNA was extracted from Arabidopsis Col-0 with TRIzol (Invitrogen) and 

reverse-transcribed with SuperScript III Reverse Transcriptase (Invitrogen) according 

to the manufacturer’s instructions. CYP81F2 cDNA was amplified with AccuPrime 

Taq polymerase (Invitrogen) with primers: IGM1f and IGM1r (Supplemental Table 2). 

Primers were chosen such that the PCR product contained a Kozak translation 

initiation sequence in addition to the start codon. The native stop codon was omitted 

to include a C-terminal peptide encoded by the vector from the pIB/V5-His TOPO TA 

Expression Kit (Invitrogen) which enables detection with a V5 antibody. PCR was as 

follows: 94 °C for 1 min, 30 cycles at 94 °C for 15 s, 55 °C for 30 s, and 72 °C for 

1.45 min, followed by a final elongation at 72 °C for 5 min on a PE Applied 

Biosystems 9700 thermal cycler. Purified product was cloned into a pIB/V5-His 

TOPO vector and transformed into E. coli TOP-10 cells (Invitrogen). Plasmids were 

isolated with the HiPure Plasmid Filter Midiprep Kit (Invitrogen) and sequenced to 

verify correct cDNA sequence, reading frame and cloning direction.  

Sf9 cells (Invitrogen) were grown at 27 °C in Sf-900 II SFM with 50 µg/ml 

Gentamycin (both: Gibco). Per culture dish, 660 µl SFM was mixed with 66 µl Insect 

GeneJuice Transfection Reagent (Novagen). In parallel, 12 µg of expression 

construct was added to 660 µl SFM. Plasmid containing solution and transfection 

reagent were combined, left for 15 min at ambient temperature, and added to Sf9 

cells. After 4 h incubation at 27 °C SFM was replaced once.  

After 48 h cells were suspended in their culture medium, centrifuged with 500 

g at 4 °C for 10 min, and washed twice with ice-cold 1 x PBS. Next, cells were re-

suspended in 2 ml hypotonic buffer (20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1 mM 

DTT and 1x protease inhibitor cocktail (Pierce)) and kept on ice for 20 min. Cells 

were homogenized and the lysate was mixed with an equal volume of sucrose buffer 

(20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1 mM DTT, 500 mM sucrose and protease 

inhibitors), and centrifuged with 1,200 g at 4 °C for 10 min. The supernatant was 

stored on ice and the homogenization step was repeated once with the pellet. 

Supernatants were pooled and centrifuged with 10,000 g at 4 °C for 15 min. The 

Marina Pfalz 97 Manuscript V



 

 

 
 

23

supernatant from this step was centrifuged with 100,000 g at 4 °C for 1 h. The 

resulting pellet was re-suspended in 0.5 ml 100 mM phosphate buffer, pH 7.4, with 

20 % (v/v) glycerol and protease inhibitors. Finally, heterologous expression was 

confirmed with SDS/PAGE and Western blot analysis. 

 

Isolation of Native Indol-3-yl-methyl Glucosinolate from Seeds of Dyer’s woad 
(Isatis tinctoria) 

Isatis tinctoria seeds contain high amounts of I3M (Mohn et al., 2007), and were 

therefore used for the isolation of intact glucosinolates. 50 g seeds (Saatzucht 

Quedlinburg GmbH, Germany) were homogenized with 250 ml 80 % (v/v) aqueous 

methanol using a Polytron PT3100. After centrifugation with 7,000 g at ambient 

temperature for 10 min, the supernatant was collected. The extraction step was 

repeated with 200 ml 80 % (v/v) aqueous methanol, and the combined supernatant 

was loaded onto an anion-exchange column filled with 1 g DEAE-Sephadex A-25. 

The column was washed three times with 5 ml of a 3 : 2 : 5 (v/v/v) mixture of formic 

acid, isopropanol and water, and four times with 5 ml water. Glucosinolates were 

eluted with 25 ml 0.5 M K2SO4/3 % (v/v) aqueous isopropanol and collected in 25 ml 

ethanol (Thies, 1988). This first elution step preferably elutes aliphatic glucosinolates. 

For isolation of indole glucosinolates an additional 75 ml of eluent was added to the 

column and the eluate was collected in 100 ml ethanol. This eluate was centrifuged 

with 3,000 g at ambient temperature for 10 min, and the supernatant was lyophilized 

with a rotary evaporator. Indole glucosinolates were dissolved in 3 x 0.5 ml water and 

fractionated on an Agilent HP 1100 Series system, equipped with a SUPELCOSIL 

LC-18-DB SEMI-PREP 250 x 10 mm, 5 µm, column (Supelco) and a fraction 

collector. The program for the separation of intact I3M from other glucosinolates was 

as follows: start with 5 % solvent B (acetonitrile) and 95 % A (0.02 % trifluoroacetic 

acid), 8 min 13 % B, 8.1 min 95 % B, 10 min 95 % B, 10.1 min 5 % B and 15 min 5 % 

B. The fraction containing intact I3M was split into several aliquots, lyophilized with a 

Genevac HT-4X Series II vacuum evaporator (Ipswich), and stored at -20 °C. Prior to 

enzyme assays, I3M was dissolved in 100 mM KPi (pH 7.4). 
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Enzyme Assays 

CYP81F2 activity was measured in microsomes isolated from Sf9 insect cells. 

Microsomes isolated from Sf9 cells expressing a major allergen gene from the 

European cabbage butterfly (Pieris rapae), amplified with primers MA-ExF and MA-

ExR (Supplemental Table 2), served as a control (Fischer et al., 2008). A second 

control contained phosphate buffer instead of microsomes but was otherwise treated 

the same. Microsome protein concentration was determined with a Bio-Rad DC 

Protein Assay. Typical protein concentrations of microsomes transfected with 

CYP81F2 were 2.5 µg/µl. Concentration of microsomes with control plasmids was 

adjusted accordingly. 

50 µl of transfected microsomes were incubated o/n at ambient temperature 

with I3M in 100 mM KPi, pH 7.4, 2 mM NADPH, 2 mM glucose-6-phosphate, and 0.1 

units of glucose-6-phosphate dehydrogenase in a total volume of 200 µl. The 

reaction mixture was loaded onto an anion-exchange column filled with DEAE-

Sephadex A-25 and washed 3 times with 1 ml 67 % (v/v) aqueous methanol, 2 times 

with 1 ml water, and 3 times with 1 ml MES buffer, pH 5.2. 50 µl (30 u) sulfatase 

(Sigma) were added to the column. After 6 h incubation at ambient temperature, 

samples were eluted with 6 x 0.5 ml water and concentrated on a Genevac HT-4X 

Series II vacuum evaporator. Finally, the reaction products were dissolved in 220 µl 

water and 95 µl were injected in an Agilent HP 1100 Series system with the following 

program: start with 1.5 % solvent B (acetonitrile) and 98.5 % A (water), 1 min 1.5 % 

B, 6 min 5 % B, 8 min 7 % B, 18 min 21 % B and 23 min 29 % B, 30 min 43 % B, 

30.5 min 100 % B, 33 min 100 % B, 33.1 min 1.5 % B, and 38 min 1.5 % B. Identity 

of the reaction product was confirmed by liquid chromatography-mass spectrometry 

(LC-MS).  

 

Herbivory Screens with Lepidopterans 

Herbivory assays were essentially performed as described in Pfalz et al. (2007). 

Diamondback moth (Plutella xylostella) was obtained from New York State 

Agricultural Experiment Station Geneva, NY, USA, and a colony was maintained at 

the Max Planck Institute for Chemical Ecology, Jena, Germany. Cabbage looper 

(Trichoplusia ni) eggs were obtained from Benzon Research (Carlisle, PA), and Beet 

armyworm (Spodoptera exigua) from Bayer Crop Sciences. All larvae were reared for 
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5–6 days on artificial diet (Shelton et al., 1991) prior to experiments. Cabbage white 

butterfly (Pieris brassicae) eggs were obtained from Seritech (Warwick, UK). After 

hatching, larvae were pre-experimentally reared on Brassica napus var. oleifera for 

2–3 days.  

Lepidopteran performance was analyzed separately for SALK_005861 and 

SALK_123882 progeny. Each experiment included several homozygous mutant and 

wildtype lines and Col-0 wildtype, randomized over 96-celled flats. Plant diameter 

was recorded prior to herbivory screens. Each plant received one larva and larvae 

were allowed to move freely. Plutella xylostella, Trichoplusia ni and Spodoptera 

exigua fed for 2 days, Pieris brassicae for 24 hours. Afterwards, the leaf area 

removed by the insects was assessed visually, and an artificial scale was established 

to quantify tissue damage, as described in Stotz et al. (2000). In general, the 

following statistical model was used: 

PLANT DAMAGE = CONSTANT + EXPERIMENT + FLAT(EXPERIMENT) + 

COLUMN + ROW + PLANT DIAMETER + MUTWT 

In this linear ANOVA model, COLUMN and ROW are variables to control for 

position effects which may result from larval movement during the experiments. 

EXPERIMENT accounts for variation between experimental replicates, 

FLAT(EXPERIMENT) for variation between flats within an experiment. PLANT 

DIAMETER controls for potential effects of plant size on insect herbivory. MUTWT 

estimates the genotype effect, mutant or wildtype, on herbivory. 

 

Aphid Proliferation Screens 

A colony of the green peach aphid (Myzus persicae) was maintained since 2005 on 

Col-0 wildtype at the Max Planck Institute for Chemical Ecology in Jena. Prior to 

experiments aphids were either raised for several generations on 4–5 week old Col-0 

wildtype plants or on SALK_123882 CYP81F2Δ/Δ mutant progeny. Adult aphids were 

collected and transferred to fresh 5 week old plants of the same genotypes as before. 

Adults were allowed to proliferate for 2 days. Afterwards, adults were removed and 

only the aphid progeny remained on the plants. This procedure ensured that all 

aphids were approximately of the same age (+/- 1 day old) at the time of the 

experiment. 
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After 7 days aphids were transferred to 18-day old test plants, with 3 aphids of 

the same origin per test plant. After 5 further days, i.e. within the linear proliferation 

phase, the number of aphids per plant was counted with the help of a magnifying 

glass. Test plants were grown randomized in 96-celled flats, with 48 plants per flat 

and every other cell left empty. Each experiment included three lines derived from 

homozygous mutant progeny of SALK_005861, two lines from homozygous wildtype 

progeny of SALK_005861, three lines from homozygous mutant progeny of 

SALK_123882, two lines derived from homozygous wildtype progeny of 

SALK_123882, and Col-0 wildtype as test plants, with a sample size 6 - 9 plants per 

line. Here, the following ANOVA model was used: 

APHID NUMBER = CONSTANT + ORIGIN + MUTWT + MUTWT * ORIGIN 

Because position effects were absent, it was not necessary to include 

COLUMN or ROW variables. Also, plant size had no detectable effect on aphid 

number. ORIGIN accounts for pre-experimental and MUTWT for genotype effects 

during the experiment. 

 

Sequencing of Genomic At5g57220 from Da(1)-12 and Ei-2 

The At5g57220 region was obtained as a single fragment using primers 5-CYP and 

3-CYP (Supplemental Table 2). PCR products were gel purified with QiaQuick 

columns (Qiagen) and cloned into TOPO XL vectors (Invitrogen). Four clones each 

were sequenced on an automated Applied Biosystems 3730xl DNA Analyzer using 

BigDye terminators version 3.1 with universal primers m13u and m13f, and with 

insert-specific primers 23204480F, 23205533R, 23206263R, 23206821R, 

23207360R, Seq57720F, and Seq57720R (Supplemental Table 2). The DNAstar 

software package (DNASTAR Inc.) was used for sequence assembly and alignment. 

Sequence data are deposited at EMBL (accession nos. FM208178, FM208179). 

 

Statistics Programs 

Systat Version 10 (SPSS Inc.) was used for ANOVA. Expression QTL were mapped 

with Windows QTL Cartographer V2.5 (Wang et al., 2001-2004), using the standard 

model (Model 6) for composite interval mapping with forward regression, a window 

size of 10 cM, and 5 background control markers. QTL were scanned at a walk 
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speed of 0.5 cM. Statistical significance of QTL was assessed by permuting data 

1,000 times, with a significance level of 0.05. 

 

Accession Numbers 

Sequence data from this article can be found in the EMBL/GenBank data libraries 

under accession numbers AM412009 – AM412016, FM208178, FM208179. 

 

Supplemental Data 

Supplemental Results. QTL Fine-mapping with DE089 × Ei-2 F3 Progeny  

Supplemental Table 1. Calculation of CYP81F2 Transcript Abundance in Da(1)-12, 

Ei-2, and DE089. 

Supplemental Table 2. Primer Sequences Used in this Work. 
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FIGURE LEGENDS 
 

Figure 1. Metabolic and Expression QTL for Modified Indole Glucosinolates. 
Shown are chromosomes (1 and 5) with significant QTL for 4OH-I3M (dark grey), 

4MO-I3M (light grey) and eQTL for CYP81F2 expression (black). Markers from Pfalz 

et al. (2007) are indicated on the horizontal axis, and the vertical axis quantifies 

statistical significance as LOD scores. Horizontal lines represent significance 

thresholds (~ 2.5 LOD), based on 1,000 permutations of the data. Vertical arrows 

indicate QTL effect directions; upwards arrows correspond to higher values for the 

Da(1)-12 allele. Note that higher ΔCt values indicate lower expression. 

 

Figure 2. Identification of Candidate Genes for the IGM1 QTL. 

(A) Near isogenic lines used for fine-mapping of IGM1. Markers are indicated on top, 

with distances in Mbp corresponding to the marker position in Col-0. NIL families 

have fixed genotypes (either D = Da(1)-12 or E = Ei-2) on one side but segregate 

(seg) at the other side. As an example, family 5C7 is Ei-2 at markers 5FM39 to 

5FM09 and segregates at markers MNC6 and 5FM38. One NIL family turned out to 

have only Ei-2 alleles and is not included in the panel. 

(B) Statistical support for the 4MO-I3M QTL, given as F ratios for the comparison 

between Da(1)-12 and Ei-2 genotypes (FD, E) and when heterozygotes are included 

(FD, H, E). 

(C) Differences in transcript abundance between DE089 and Ei-2 in the QTL 

candidate region under two different experimental conditions. Values are given as 

average fold changes for Ei-2 versus DE089 from three biological replicates each for 

non-manipulated plants (light grey bars) and herbivory-treated plants (dark grey). 

 

Figure 3. Modified Indole Glucosinolate Content in SALK T-DNA Insertion Lines and 

in DE089 × Ei-2 NILs Contingent on CYP81F2 Genotype. 

4MO-I3M (light grey) and 4OH-I3M (dark grey) quantity differ in SALK_123882 and 

SALK_005861 and in DE089 × Ei-2 NILs contingent on the genotype at CYP81F2. 

Vertical lines indicate standard errors. Note that 4MO-I3M and 4OH-I3M content are 

significantly reduced in plants with mutant alleles but are not completely absent. Note 

also that heterozygotes from SALK_123882 contain only a little more 4MO-I3M and 
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4OH-I3M than homozygous mutants, in contrast to heterozygous NILs which display 

a phenotype intermediate between parental lines.  

 

Figure 4. CYP81F2 in Different Arabidopsis Accessions. 

Small black vertical lines show nucleotide and insertion/deletion polymorphisms and 

grey vertical lines show amino acid polymorphisms between Ei-2 and Col-0 (top) and 

between Da(1)-12 and Col-0 (bottom). Positive numbers correspond to an insertion 

and negative numbers to a deletion relative to the Col-0 reference. Positions of N-

terminal membrane anchor and cysteine heme-iron ligand structure are indicated, as 

well as location and direction of T-DNA insertions in SALK lines. Positions of selected 

primers for RT-PCR are also shown.  

 

Figure 5. RT-PCR of SALK_lines. 

SALK_123882 lines with a T-DNA insertion in At5g57220 lack CYP81F2 transcript. 

Shown are results for primers 123882-f and Cyt2R, in comparison to control genes. 

Each genotype is represented by two biological replicates. We obtained the same 

result with primer combinations 123882-f/123882-r and Cyt2F/123882-r (Figure 4). By 

comparison, we found similar CYP81F2 cDNA quantities for different CYP81F2 

genotypes from SALK_008561. 

 

Figure 6. CYP81F2 Catalyzes the Conversion of I3M to 4OH-I3M. 

Compared to buffer controls (A) or heterologously expressed major allergen (B), 
HPLC runs of I3M incubated with heterologously expressed CYP81F2 (C) have an 

additional peak, corresponding to hydroxylated I3M and having the same retention 

time as 4OH-I3M in an extract of leaf glucosinolates from Col-0 (D), as shown with a 

mix of I3M incubated with CYP81F2 and Col-0 leaf glucosinolates (E). All HPLC runs 

were done with desulfo-glucosinolates. The Figure shows representative examples 

from several independent experimental replicates. Note that Col-0 leaves contain 

much more 4MO-I3M than 4OH-I3M. mAU = milli Absorption Units at 226 nm 

wavelength. 

 

Figure 7. Aphid Proliferation Contingent on CYP81F2 Genotype. 

Shown are aphid numbers (± standard error) with different combinations of pre-

experimental rearing (‘Origin’, either on Col-0 or on homozygous SALK_123882 
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mutants) and experimental test plants (‘Test Plants’, either with CYP81F2 wildtype 

alleles (WT) or with mutant alleles (M)). We conducted these assays three times with 

the same results. 

 

Figure 8. Biosynthesis of Indole Glucosinolates from Tryptophan. 

Shown are intermediates and known biosynthesis enzymes. GT: S-

glucosyltransferase, ST: sulfotransferase. Glucosinolates are boxed. I3M = indol-3-yl-

methyl, 4OH-I3M = 4-hydroxy-indol-3-yl-methyl, 4MO-I3M = 4-methoxy-indol-3-yl-

methyl, 1OH-I3M = 1-hydroxy-indol-3-yl-methyl, and 1MO-I3M = 1-methoxy-indol-3-

yl-methyl glucosinolate. Note that we postulate a two-step synthesis of 1MO-I3M from 

I3M with 1OH-I3M (grey) as an intermediate. 
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Insect Species SALK_005861 SALK_123882 

 N Fdf=1 P N Fdf=1 P 
Plutella xylostella 685 0.880 0.349 479 0.300 0.584
Pieris brassicae 88 1.129 0.292 392 0.121 0.728
Trichoplusia ni 516 3.502 0.062 207 0.481 0.489

Spodoptera exigua 246 0.911 0.341 413 0.220 0.639
 
 
Table 1. Performance of Lepidopteran Larvae Contingent on CYP81F2 Genotype.
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Figure 1.  Metabolic and Expression QTL for Modified 
Indole Glucosinolates.

Shown are chromosomes (1 and 5) with significant QTL for 
4OH-I3M (dark grey), 4MO-I3M (light grey) and eQTL for 
CYP81F2 expression (black).  Markers from Pfalz et al. 
(2007) are indicated on the horizontal axis, and the vertical 
axis quantifies statistical significance as LOD scores.  
Horizontal lines represent significance thresholds (~ 2.5 
LOD), based on 1,000 permutations of the data.  Vertical 
arrows indicate QTL effect directions; upwards arrows 
correspond to higher values for the Da(1)-12 allele.  Note 
that higher ΔCt values indicate lower expression.
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Figure 1.  Metabolic and Expression QTL for Modified 
Indole Glucosinolates.

Shown are chromosomes (1 and 5) with significant QTL for 
4OH-I3M (dark grey), 4MO-I3M (light grey) and eQTL for 
CYP81F2 expression (black).  Markers from Pfalz et al. 
(2007) are indicated on the horizontal axis, and the vertical 
axis quantifies statistical significance as LOD scores.  
Horizontal lines represent significance thresholds (~ 2.5 
LOD), based on 1,000 permutations of the data.  Vertical 
arrows indicate QTL effect directions; upwards arrows 
correspond to higher values for the Da(1)-12 allele.  Note 
that higher ΔCt values indicate lower expression.
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Figure 2. Identification of Candidate Genes for the IGM1 QTL.

(A) Near isogenic lines used for fine-mapping of IGM1.  Markers are indicated on top, with distances in Mbp 
corresponding to the marker position in Col-0.  NIL families have fixed genotypes (either D = Da(1)-12 or E = Ei-2) 
on one side but segregate (seg) at the other side.  As an example, family 5C7 is Ei-2 at markers 5FM39 to 5FM09
and segregates at markers MNC6 and 5FM38.  One NIL family turned out to have only Ei-2 alleles and is not 
included in the panel.
(B) Statistical support for the 4MO-I3M QTL, given as F ratios for the comparison between Da(1)-12 and Ei-2 
genotypes (FD, E) and when heterozygotes are included (FD, H, E).
(C) Differences in transcript abundance between DE089 and Ei-2 in the QTL candidate region under two different 
experimental conditions.  Values are given as average fold changes for Ei-2 versus DE089 from three biological 
replicates each for non-manipulated plants (light grey bars) and herbivory-treated plants (dark grey).

0
25
50
75

100
125
150

6G97A10 6H126A2 7D99H7

segD

7E2 7A55H58C2 9H37E10 8A510G6

Dseg

7D15G10 5A35B3 9C10

segE

5A1
6B65C7 6C126E11

Eseg

MNC6 5FM38

5FM39 5FMJ01 5seq01 5seq02 5FM15 5seq03 5seq05

5FM42 MMN10 5FM10 5FM18 5FM34 5FM30 5FM09

262322 2524 [Mbp]

F 
ra

tio FD, H, E

FD, E

-4

-2

0

2

4

6

8

10

At5g57220

A

B

C

Figure 2. Identification of Candidate Genes for the IGM1 QTL.

(A) Near isogenic lines used for fine-mapping of IGM1.  Markers are indicated on top, with distances in Mbp 
corresponding to the marker position in Col-0.  NIL families have fixed genotypes (either D = Da(1)-12 or E = Ei-2) 
on one side but segregate (seg) at the other side.  As an example, family 5C7 is Ei-2 at markers 5FM39 to 5FM09
and segregates at markers MNC6 and 5FM38.  One NIL family turned out to have only Ei-2 alleles and is not 
included in the panel.
(B) Statistical support for the 4MO-I3M QTL, given as F ratios for the comparison between Da(1)-12 and Ei-2 
genotypes (FD, E) and when heterozygotes are included (FD, H, E).
(C) Differences in transcript abundance between DE089 and Ei-2 in the QTL candidate region under two different 
experimental conditions.  Values are given as average fold changes for Ei-2 versus DE089 from three biological 
replicates each for non-manipulated plants (light grey bars) and herbivory-treated plants (dark grey).
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Figure 3. Modified Indole Glucosinolate Content in 
SALK T-DNA Insertion Lines and in DE089 × Ei-2 
NILs Contingent on CYP81F2 Genotype.

4MO-I3M (light grey) and 4OH-I3M (dark grey) 
quantity in SALK_123882 and SALK_005861 and 
in DE089 × Ei-2 NILs contingent on the genotype at 
CYP81F2.  Vertical lines indicate standard errors.  
Note that 4MO-I3M and 4OH-I3M content are 
significantly reduced in plants with mutant alleles 
but are not completely absent.  Note also that 
heterozygotes from SALK_123882 contain only a 
little more 4MO-I3M and 4OH-I3M than 
homozygous mutants, in contrast to heterozygous 
NILs which display a phenotype intermediate 
between parental lines. 
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Figure 4. CYP81F2 in Different Arabidopsis Accessions.

Small black vertical lines show nucleotide and insertion/deletion 
polymorphisms and grey vertical lines show amino acid polymorphisms 
between Ei-2 and Col-0 (top) and between Da(1)-12 and Col-0 (bottom).  
Positive numbers correspond to an insertion and negative numbers to a 
deletion relative to the Col-0 reference.  Positions of N-terminal membrane 
anchor and cysteine heme-iron ligand structure are indicated, as well as 
location and direction of T-DNA insertions in SALK lines.  Positions of 
selected primers for RT-PCR are also shown. 
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Figure 5. RT-PCR of SALK_lines.

SALK_123882 lines with a T-DNA insertion in 
At5g57220 lack CYP81F2 transcript.  Shown are 
results for primers 123882-f and Cyt2R, in 
comparison to control genes.  Each genotype is 
represented by two biological replicates.  We 
obtained the same result with primer combinations 
123882-f/123882-r and Cyt2F/123882-r (Figure 4).  
By comparison, we found more or less identical 
CYP81F2 cDNA quantities for different CYP81F2
genotypes from SALK_008561.

At1g34030

At5g09810

At5g57220

Δ/Δ Col/ColCol/Δ

Figure 5. RT-PCR of SALK_lines.

SALK_123882 lines with a T-DNA insertion in 
At5g57220 lack CYP81F2 transcript.  Shown are 
results for primers 123882-f and Cyt2R, in 
comparison to control genes.  Each genotype is 
represented by two biological replicates.  We 
obtained the same result with primer combinations 
123882-f/123882-r and Cyt2F/123882-r (Figure 4).  
By comparison, we found more or less identical 
CYP81F2 cDNA quantities for different CYP81F2
genotypes from SALK_008561.

Marina Pfalz 117 Manuscript V



 

 

 
 

43

0 5 10 15 20 25

100

500

300

100

500

300

100

500

300

50

250

150

100

500

300

A  Buffer control

C  CYP81F2

B  Major Allergen (P. rapae)

D  Col-0 leaves

E  Col-0 leaves + CYP81F2

I3M

4OH-I3M

4MO-I3M

I3M

Retention time [min]

mAU

Figure 6. CYP81F2 Catalyzes the Conversion of 
I3M to 4OH-I3M.

Compared to buffer controls (A) or heterologously 
expressed major allergen (B), HPLC runs of I3M 
incubated with heterologously expressed CYP81F2
(C) have an additional peak, corresponding to 
hydroxylated I3M and having the same retention 
time as 4OH-I3M in an extract of leaf 
glucosinolates from Col-0 (D), as shown with a mix 
of I3M incubated with CYP81F2 and Col-0 leaf 
glucosinolates (E).  All HPLC runs were done with 
desulfo-glucosinolates.  The Figure shows 
representative examples from several independent 
experimental replicates.  Note that Col-0 leaves 
contain much more 4MO-I3M than 4OH-I3M.  mAU
= milli Absorption Units at 226 nm wavelength.

0 5 10 15 20 25

100

500

300

100

500

300

100

500

300

50

250

150

100

500

300

A  Buffer control

C  CYP81F2

B  Major Allergen (P. rapae)

D  Col-0 leaves

E  Col-0 leaves + CYP81F2

I3M

4OH-I3M

4MO-I3M

I3M

Retention time [min]

mAU

0 5 10 15 20 250 5 10 15 20 25

100

500

300

100

500

300

100

500

300

100

500

300

100

500

300

100

500

300

50

250

150

50

250

150

100

500

300

100

500

300

A  Buffer control

C  CYP81F2

B  Major Allergen (P. rapae)

D  Col-0 leaves

E  Col-0 leaves + CYP81F2

I3M

4OH-I3M

4MO-I3M

I3M

Retention time [min]

mAU

Figure 6. CYP81F2 Catalyzes the Conversion of 
I3M to 4OH-I3M.

Compared to buffer controls (A) or heterologously 
expressed major allergen (B), HPLC runs of I3M 
incubated with heterologously expressed CYP81F2
(C) have an additional peak, corresponding to 
hydroxylated I3M and having the same retention 
time as 4OH-I3M in an extract of leaf 
glucosinolates from Col-0 (D), as shown with a mix 
of I3M incubated with CYP81F2 and Col-0 leaf 
glucosinolates (E).  All HPLC runs were done with 
desulfo-glucosinolates.  The Figure shows 
representative examples from several independent 
experimental replicates.  Note that Col-0 leaves 
contain much more 4MO-I3M than 4OH-I3M.  mAU
= milli Absorption Units at 226 nm wavelength.

Marina Pfalz 118 Manuscript V



 

 

 
 

44

60

50

40

30

20

10

0

n 
(A

ph
id

s)

Origin:

Test Plants:

Col-0

WT

Col-0

M

123882

WT

123882

M

Figure 7. Aphid Proliferation Contingent on 
CYP81F2 Genotype.

Shown are aphid numbers (± standard error) with 
different combinations of pre-experimental rearing 
(‘Origin’, either on Col-0 or on homozygous 
SALK_123882 mutants) and experimental test 
plants (‘Test Plants’, either with CYP81F2 wildtype 
alleles (WT) or with mutant alleles (M)). We 
conducted these assays three times with the same 
results.

60

50

40

30

20

10

0

n 
(A

ph
id

s)

Origin:

Test Plants:

Col-0

WT

Col-0

M

123882

WT

123882

M

60

50

40

30

20

10

0

n 
(A

ph
id

s)

Origin:

Test Plants:

Col-0

WT

Col-0

M

123882

WT

123882

M

Figure 7. Aphid Proliferation Contingent on 
CYP81F2 Genotype.

Shown are aphid numbers (± standard error) with 
different combinations of pre-experimental rearing 
(‘Origin’, either on Col-0 or on homozygous 
SALK_123882 mutants) and experimental test 
plants (‘Test Plants’, either with CYP81F2 wildtype 
alleles (WT) or with mutant alleles (M)). We 
conducted these assays three times with the same 
results.

Marina Pfalz 119 Manuscript V



 

 

 
 

45

N
H

NH2

COOH

N
H

NHOH

S

S(Cys)

N
H

N OH

N
H

N OH

O

+

-

N
H

S

NOH

Glucose

thiohydroximate

indole-3-acetaldoximetryptophan

S-indol-3-yl-thiohydroximate1-aci-nitro-2-indolyl-ethane

desulfo-I3M

CYP79B2
CYP79B3

CYP83B1

C-S lyase

GT

N
H

N OH

S

NOSO3
-

Glucose

N
H

OCH3

N
H

S

NOSO3
-

Glucose

N

OH

S

NOSO3
-

Glucose

N
H

OH
S

NOSO3
-

Glucose

I3M

4OH-I3M

4MO-I3M
N

OCH3

S

NOSO3
-

Glucose

CYP81F2

1OH-I3M

1MO-I3M

ST
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Shown are intermediates and known biosynthesis 
enzymes.  GT: S-glucosyltransferase, ST: 
sulfotransferase.  Glucosinolates are boxed.  I3M = 
indol-3-yl-methyl, 4OH-I3M = 4-hydroxy-indol-3-yl-
methyl, 4MO-I3M = 4-methoxy-indol-3-yl-methyl, 
1OH-I3M = 1-hydroxy-indol-3-yl-methyl, and 1MO-
I3M = 1-methoxy-indol-3-yl-methyl glucosinolate.  
Note that we postulate a two-step synthesis of 
1MO-I3M from I3M with 1OH-I3M (grey) as an 
intermediate.
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1MO-I3M from I3M with 1OH-I3M (grey) as an 
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Supplementary Results: 

 

QTL Fine-mapping with DE089 × Ei-2 F3 Progeny  

The 4MO-I3M QTL was segregating in families 6A2, 5G10, 8C2, and 5H5, but not in 

families 5C7, 7E10, 7A10, and 6G9 (Figure 2B). Among the families not segregating 

for the glucosinolate phenotype, 5C7 had an Ei-2 genotype at 5FM39 and family 

7E10 had a Da(1)-12 genotype at 5FM39 but both families segregated at 5FM38, 

pointing to a QTL location downstream of 5FM38. Family 6G9 was Da(1)-12 at 

MMN10 but segregated at 5FM10. Likewise, 7A10 did not segregate at 5FM15 but 

segregated at 5FM42. These data allowed us to position the 4MO-I3M QTL upstream 

of 5FM42. Among the families segregating for the glucosinolate phenotype, 6A2 was 

Da(1)-12 at 5FM39 and family 5G10 had an Ei-2 genotype at this locus, but both 

families segregated at 5FM15, indicating that the 4MO-I3M QTL was downstream of 

5FM39. Family 8C2 carried Da(1)-12 alleles at 5FM42, but segregated at 5FM15, 

thus providing support for a QTL position upstream of 5FM42. 
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Comparison Replicate A ΔC tprobe-control(A) Replicate B ΔC tprobe-control(B) ΔΔC t(A-B) 2-(ΔΔC t) Average SE

DE089 vs.  Da(1)-12 DE089.1 5.24 Da(1)-12.1 3.87 1.37 0.39 0.308 0.041
DE089.1 5.24 Da(1)-12.2 3.40 1.84 0.28
DE089.1 5.24 Da(1)-12.3 4.30 0.94 0.52
DE089.2 5.50 Da(1)-12.1 3.87 1.63 0.32
DE089.2 5.50 Da(1)-12.2 3.40 2.10 0.23
DE089.2 5.50 Da(1)-12.3 4.30 1.20 0.44
DE089.3 6.24 Da(1)-12.1 3.87 2.37 0.19
DE089.3 6.24 Da(1)-12.2 3.40 2.84 0.14
DE089.3 6.24 Da(1)-12.3 4.30 1.94 0.26

DE089 vs.  Ei-2 DE089.1 5.24 Ei-2.1 4.18 1.06 0.48 0.309 0.057
DE089.1 5.24 Ei-2.2 2.57 2.67 0.16
DE089.1 5.24 Ei-2.3 4.39 0.85 0.55
DE089.2 5.50 Ei-2.1 4.18 1.32 0.40
DE089.2 5.50 Ei-2.2 2.57 2.93 0.13
DE089.2 5.50 Ei-2.3 4.39 1.11 0.46
DE089.3 6.24 Ei-2.1 4.18 2.06 0.24
DE089.3 6.24 Ei-2.2 2.57 3.67 0.08
DE089.3 6.24 Ei-2.3 4.39 1.85 0.28

Da(1)-12 vs.  Ei-2 Da(1)-12.1 3.87 Ei-2.1 4.18 -0.31 1.24 1.070 0.195
Da(1)-12.1 3.87 Ei-2.2 2.57 1.30 0.41
Da(1)-12.1 3.87 Ei-2.3 4.39 -0.52 1.43
Da(1)-12.2 3.40 Ei-2.1 4.18 -0.78 1.72
Da(1)-12.2 3.40 Ei-2.2 2.57 0.83 0.56
Da(1)-12.2 3.40 Ei-2.3 4.39 -0.99 1.99
Da(1)-12.3 4.30 Ei-2.1 4.18 0.12 0.92
Da(1)-12.3 4.30 Ei-2.2 2.57 1.73 0.30
Da(1)-12.3 4.30 Ei-2.3 4.39 -0.09 1.06  

 

Supplementary Table 1.  Calculation of CYP81F2 Transcript Abundance in Da(1)-

12, Ei-2, and DE089 from qRT-PCR Data. 
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Name Sequence (5'→3') Purpose

MNC6f GTTTGGGTCCAATGATAAAATC QTL fine mapping
MNC6r GCCTATTGGGCTGAGTTTTC
5FM38f CTCTTTCCAGGCTGGTTTGA
5FM38r CCTTACAAACATACTCAAATTAAC
5FM39f CATTAGCCATTCTCGCACTTTC
5FM39r TGTATATTCTGGGCAGGAAAC
5FMJ01f GAGTGGGGAATTATACAACAAT
5FMJ01r CGCAAAATTATTTGATGAACTC
5seq01f TGAAAACCACTAAAACTGAAGC
5seq01r CAACGCAGAGAAGTGTTAGTC
5seq02f CATTCCAACCATAGCAGCATC
5seq02r TCCTCTTTGCATTAGCATTTAC
5FM15f GTTGGTCTGTCCTAATTCATAC
5FM15r CCTATTCCCAAAGATGAAGAAC
5seq03f CTATCTTGTTACCATTCCTTAG
5seq03r GAATCGCTCTTACAGTTTAGC
5seq05f TCGGTGAAGTTGGGAATTTAG
5seq05r GGACTCATAGGCTTCAAGTG
5FM42f GAGTTTGAGATTGCGCATTTTG
5FM42r TCTCAATCACACTTCATCGTC
MMN10f CAGTGTCGGCTAATTTCGAC
MMN10r CAGTCGACATTTCAAAGGTTC
5FM10f GATTTGACGACTGATTACATAAC
5FM10r GCTTGAAATTTGTGTGTATTGTC
5FM18f CAAGTAGGAGCGTTTCACATC
5FM18r TGTTATACATCCGCGCCAAC
5FM34f GAATTAATCTCTATTTGCCAAAG
5FM34r GGATAACGAAGGAGATAACAAG
5FM30f CAATTTACACACTCTGTAATTGG
5FM30r CAACCTTCACTTGAGCATTTG
5FM09f CAATTTCTTGTTATCTGCTTATG
5FM09r CCATTGCCATATGTTTCCCTC
LBb1 AGTTGCAGCAAGCGGTCCACGC Verification of T-DNA insertions in SALK lines
005861-f GACTTTTCGGTTGTGTCCAG
005861-r GTTCTTTCAGGCATTTCATCG
123882-f TCGCCAAGTCGTAGTGATCTC Verification of T-DNA insertions in SALK lines; RT-PCR
123882-r TGCCTTTTTCAACACTTCAGG
T-DNA_L1F TCCAGTTTGGAACAAGAGTCCA Amplification of a T-DNA fragment as a hybridization probe
T-DNA-L1R CCTGGCGTTACCCAACTTAATC
5-CYP CGTCGTCACCTTCGATGAAC Amplification of genomic DNA containing At5g57220
3-CYP GAGAAATGTTGAATCTCCCATC
23204480F GCATCTATTTATCGGACGGGAG Sequencing of the At5g57220 region
23205533R GACGGTTAGAGGAGAGGATTTC
23206263R CACACACAAGTTGTTAGTTCATC
23206821R CATAGCCATTCCAGGATTCTC
23207360R GCTTCTTCCGATTTGCTTTCAC
Seq57720F GTGAAAGCACTCGGCGAAG
Seq57720R GGCAAACGGCTCGTAATTG
Cyt2F GTCACAGGGAGACGCTACTAC qRT-PCR and RT-PCR, test gene: CYP81F2 (At5g57220)
Cyt2R CACCACTGTTGTCATTGATGTC
RPS18b-F ATTGTTGCAAACCCAAGACAG qRT-PCR and RT-PCR, control gene: At5g09810 (RPS18)
RPS18b-R CAGACCACGATGGTTTCTGAT
EIF4-F AGCTTGACTATGCCCTTCTCC qRT-PCR, control gene: At1g54270 (EIF-4A2)
EIF4-R AACACAGGCATGAACCTTGAC
At2g18110_F ATCGACACCATGATCGAAGAG qRT-PCR, control gene: At2g18110 (EF 1-beta)
At2g18110_R AGCCCTCCCACAGAGTACAAT
At2g29550_F CCATGTCTGGTGTAACCTGCT qRT-PCR, control gene: At2g29550 (Tubulin beta-7 chain)
At2g29550_R CTGAGATCCACGAGAGGTGAG
At5g09810_F ATTCCGTTGTCCTGAGGTTCT qRT-PCR and RT-PCR, control gene: At5g09810 (Actin 7)
At5g09810_R CCACCACTGAGAACGATGTTT
IGM1f GTGATGGATTACGTTTTGATTGTTTTGC Heterologous expression of CYP81F2
IGM1r AGCCAAGAGATTAGTCATAATGG
MA-ExF ATGAAGGCAGCCGTAGTTC Heterologous expression of a major allergen gene from Pieris rapae
MA-ExR TTGTCCCCAGAGGGTTGG  
 
Supplementary Table 2.  Primer Sequences Used in this Work. 
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4. Discussion 

 

4.1 Mapping of QTL for resistance against crucifer specialists  

Insect herbivores specialized on glucosinolate-producing host plants have evolved 

counteradaptations that render the glucosinolate-myrosinase system ineffective.  Plutella 

xylostella larvae benefit from expressing a sulfatase in their gut which blocks the myrosinase-

catalyzed glucosinolate hydrolysis by desulfating glucosinolates (Ratzka et al., 2002).  Pieris 

rapae and other Pieridae utilize a nitrile-specifier protein that avoids the formation of the 

more toxic isothiocyanates (Wittstock et al., 2004; Wheat et al., 2007).  This leads to the 

question whether and how cruciferous plants defend themselves against specialist insects. 

Several studies have indicated that cruciferous plants are not defenseless against 

specialists.  However, it is not clear whether the glucosinolate-myrosinase system might be 

involved.  Herbivory by the cabbage stem flea beetle Psylliodes chrysocephala differed 

significantly among various oilseed rape lines, but damage was not explained by variation in 

the glucosinolate content (Bartlet et al., 1996).  Similarly, variation in resistance to the larvae 

of the turnip root fly Delia floralis was not linked to total or individual glucosinolate content 

(Birch et al., 1992).  Other studies, however, reported herbivory by lepidopteran specialists to 

be affected by myrosinase activity or to be positively correlated with plant glucosinolate 

content (Giamoustaris & Mithen, 1995; Li et al., 2000; Kliebenstein et al., 2005).  By 

contrast, damage by the specialist flea beetles, Psylliodes convexior and Phyllotreta 

zimmermani, decreased on A. thaliana lines with high glucosinolate levels (Mauricio, 1998). 

Consistent with other studies, Manuscript I showed that resistance to herbivory by the 

specialist lepidopterans Pieris brassicae and P. xylostella varied significantly among 

Arabidopsis accessions, reinforcing the idea that cruciferous plants can defend themselves 

against specialists.  Furthermore, plant resistance against both herbivores was positively 

correlated, indicating that some defense-related factors influence herbivory by both specialists 

similarly. 

The genetic basis for variation in resistance against P. brassicae and P. xylostella 

larvae was investigated in a Da(1)-12 × Ei-2, a new Arabidopsis recombinant inbred line 

population (Manuscript I).  QTL mapping revealed several QTL for resistance against P. 

brassicae, and one weak QTL for Plutella.  Known defense-related traits such as 

glucosinolate accumulation or myrosinase activity were also analyzed but did not explain the 
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herbivory QTL convincingly, indicating that resistance against these specialist insect 

herbivores has a different genetic basis than resistance against generalist insect herbivores.  

Similarly, trichome density, a defense trait found to be negatively correlated with generalist 

and specialist insect herbivores in several studies (Agren & Schemske, 1993; Mauricio, 1998; 

Handley et al., 2005) had no detectable impact on P. brassicae or P. xylostella herbivory.  Of 

course, glucosinolates or their hydrolysis products can be important at other levels in the 

interaction between plants and specialist insects.  Indeed, adult females of several specialist 

insect herbivores, including P. rapae and P. xylostella, use glucosinolates or their hydrolysis 

products as cues for host localization and oviposition (Huang & Renwick, 1994; Pivnick et 

al., 1994; De Jong & Städler, 1999; Renwick et al., 2006; De Vos et al., 2008). 

Ultimately, the specialist herbivory QTL detected in Manuscript I need to be fine 

mapped and cloned to identify the genes that underlie resistance against specialist herbivores.   

However, these analyses require large sample sizes and are very time-consuming, which 

precluded such an approach during this thesis. 

 

4.2 Plutella-induced changes in the Arabidopsis transcriptome 

Gene expression microarrays provide a valuable tool for studying herbivore-elicited 

transcriptional regulation of many genes simultaneously and have been successfully applied to 

investigate transcriptome changes in response to herbivory in different plants (Reymond et al., 

2004; Schmidt et al., 2004; Voelckel & Baldwin, 2004; Schmidt et al., 2005; Vogel et al., 

2007; Ehlting et al., 2008).  These studies typically revealed that hundreds or even thousands 

of genes are differentially regulated upon herbivory.  For example, Schmidt et al. (2004) 

reported 155 genes to be significantly regulated upon flea beetle attack in Solanum nigrum, 

when using a microarray representing 558 genes from different plant sources.  In another 

study, Schmidt et al. (2005) used a microarray representing 10,000 cDNAs from Solanum 

tuberosum to investigate transcriptional responses of Nicotiana attenuata and S. nigrum upon 

Manduca sexta herbivory, and found 409 and 280 significantly regulated genes, respectively.  

There was little overlap in the sets of responding genes in both plant species, indicating that 

the same insect species can cause profound differences in the transcriptional response of 

closely related plants.  In Arabidopsis thaliana, Reymond et al. (2004) used a microarray 

representing approximately 7,200 unique genes to compare the plant transcriptional response 

to two different lepidopteran insect herbivores, P. rapae and Spodoptera littoralis.  More than 

hundred genes were insect-responsive, and the sets of differentially expressed genes were 
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quite similar for both insects.  Other studies with Arabidopsis or close relatives, however, 

found that there was little overlap in the plant transcriptional signature in response to different 

insect herbivores (De Vos et al., 2005; Vogel et al., 2007; Ehlting et al., 2008). 

In summary, these studies demonstrate massive changes in the plant transcriptome in 

response to herbivory, both for generalist and for specialist insect herbivores.  However, the 

impact of these changes for plant performance is not at all clear.  Fitness consequences have 

been investigated only for a very limited set of genes.  Transgenic N. attenuata plants silenced 

in a gene that catalyzes the key step in nicotine biosynthesis were found to be more frequently 

attacked by herbivores when planted in their natural environment (Steppuhn et al., 2004).  

Manipulation of trypsin proteinase inhibitor levels in N. attenuata affected larval 

developmental time and survivorship (Zavala et al., 2004).  Likewise, manipulation of 

WRKY3 and WRKY6, plant-specific transcription factors, generated N. attenuata plants 

which experienced extensive damage in their native habitat (Skibbe et al., 2008). 

In Arabidopsis, similar studies have mostly focussed on mutants impaired in 

phytohormone biosynthesis or perception.  Several phytohormone-mediated signal cascades 

are involved in the elicitation of induced defenses, including the jasmonate acid, ethylene and 

salicylic acid pathways (De Vos et al., 2005; Bodenhausen & Reymond, 2007).  The coi1 

mutant, insensitive to jasmonic acid, was found to be more susceptible to S. littoralis than 

wildtype plants, whereas npr1 mutants, impaired in the salicylic acid pathway, had increased 

resistance to this insect herbivore (Stotz et al., 2002; Reymond et al., 2004).   However, 

alterations in signalling pathways cause pleiotropic effects, and affect the expression of a 

large number of genes (Reymond et al., 2000; Reymond et al., 2004; De Vos et al., 2005; 

Vogel et al., 2007).  Thus, despite that these studies are useful in understanding the 

importance of phytohormone signalling in defense responses, the distal genes that ultimately 

affect the herbivore remain undetected.   

The goal of Manuscript IV was to analyze potential fitness effects of a set of more than 

30 genes that are differentially regulated upon herbivory by the specialist insect herbivore P. 

xylostella.  This work compared feeding damage caused by P. xylostella larvae on T-DNA 

insertion mutants versus wildtype plants.  When up-regulation of a Plutella-responsive gene 

contributes to defense against this insect, then an insertion of T-DNA into this gene should 

negatively affect plant performance.  Vice versa, an insertion into a down-regulated gene 

should increase plant fitness.  However, a surprisingly low number of insertions showed an 

impact on plant resistance against P. xylostella larvae.  Thus, a large proportion of Plutella-
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responsive genes do not improve plant fitness upon Plutella herbivory.  Rather, differential 

regulation may serve other purposes such as minimizing secondary harmful effects caused by 

potential pathogen infection or water loss through the wound that is inflicted by herbivory.  

These possibilities remain to be tested.  However, in the few cases where a T-DNA insertion 

resulted in a phenotype, fitness effects were contrary to expectations.  Two mutants with T-

DNA insertions in upregulated genes were less susceptible and one mutant with an insertion 

in a downregulated gene was more susceptible to herbivory than wildtype plants.  This 

suggested that Plutella larvae may be able to manipulate the Arabidopsis transcriptome.  

Indeed, several other studies provide evidence for herbivore manipulation of plant defenses.  

In Helicoverpa zea larvae a glucose oxidase was identified as a principle salivary enzyme 

which suppressed induced defenses in N. attenuata and prevented the induction of nicotine 

(Musser et al., 2002).  The silverleaf whitefly was found to be able to repress JA-regulated 

defenses that deter nymph development (Zarate et al., 2007).  Finally, jasmonic acid-mediated 

upregulation of defense genes was suppressed in response to P. rapae (Bodenhausen & 

Reymond, 2007).  These findings indicate that the adaptation of specialist herbivores to their 

host plants may be more substantial than previously thought.  Apparently, specialist insect 

herbivores have not only evolved counteradaptations against preformed activated defenses 

such as the glucosinolate-myrosinase system but also appear to possess counteradaptations 

against induced defenses, thus adding a further level of complexity to interactions between 

specialist insect herbivores and their host plants.   

 

4.3 Natural variation in Arabidopsis glucosinolate structures  

Glucosinolates are a structurally diverse group of plant secondary compounds, and 

glucosinolate composition varies between and within species (Fahey et al., 2001; Kliebenstein 

et al., 2001a; Windsor et al., 2005; Arany et al., 2008; Manuscript I).  In A. thaliana, more 

than 30 different glucosinolates have been identified, derived from methionine, tryptophan or 

phenylalanine (Kliebenstein et al., 2001a; Reichelt et al., 2002).  Most of the structural 

variability in aliphatic glucosinolates, the largest class of glucosinolates in Arabidopsis, can 

be attributed to four polymorphic genetic loci, MAM, GSL-AOP, GSL-OX and GSL-OH 

(Magrath et al., 1994; Mithen et al., 1995; Campos de Quiros et al., 2000; Kliebenstein et al., 

2001b).  Enzymes encoded at GSL-AOP, GSL-OX and GSL-OH catalyze modifications of the 

glucosinolate side chain (Magrath et al., 1994; Mithen et al., 1995; Giamoustaris & Mithen; 

1996; Kliebenstein et al., 2001a; Kliebenstein et al., 2001b; Hansen et al., 2007), while MAM 
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gene products determine the length of the carbon chain of aliphatic glucosinolates (Kroymann 

et al., 2001; Kroymann et al., 2003; Textor et al., 2004; Benderoth et al., 2006; Textor et al., 

2007; Manuscript III).  MAM gene products act during methionine chain elongation, the initial 

stage in aliphatic glucosinolate biosynthesis.  Therefore, they play a central role for the 

diversification of aliphatic glucosinolate structures.  Manuscript III reviews the genetic and 

biochemical basis for MAM-mediated variation in carbon chain lengths.  It also provides an 

overview of the evolutionary forces that are responsible for the generation of chain length 

variation and for maintaining this diversity. 

Compared to aliphatic glucosinolates, much less attention has been paid to tryptophan-

derived indole glucosinolates, although this class of glucosinolates is also structurally variable 

in Arabidopsis and related species.  Furthermore, recent studies suggest that indole 

glucosinolates may contribute to aphid resistance (Kim & Jander, 2007; Kim et al., 2008).  

Most Arabidopsis accessions contain four different indole glucosinolates, indole-3-yl-methyl 

(I3M), 1-methoxy-indole-3-yl-methyl (1MO-I3M), 4-hydroxy-indole-3-yl-methyl (4OH-I3M) 

and 4-methoxy-indole-3-yl-methyl (4MO-I3M) glucosinolate (Kliebenstein et al., 2001a; 

Brown et al., 2003).  Mapping studies with Arabidopsis RIL populations have detected 

numerous QTL for qualitative and quantitative variation in indole glucosinolate profiles 

(Kliebenstein et al., 2001c; Manuscript I).  Manuscript V is the first study to report the 

cloning of a QTL for indole glucosinolates, Indole Glucosinolate Modifier 1 (IGM1).  This 

QTL influenced 4OH-I3M and 4MO-I3M accumulation in the Da(1)-12 × Ei-2 RIL 

population (Manuscript I), caused by differential regulation of the underlying structural gene, 

CYP81F2.  This gene encodes a cytochrome P450 monooxygenase which converts I3M to 

4OH-I3M.  4OH-I3M serves, in turn, as a substrate for the generation of 4MO-I3M.  

Therefore, natural variation of CYP81F2 among Arabidopsis accessions or artificial 

manipulation of this gene in mutant lines affects both 4OH-I3M and 4MO-I3M 

simultaneously. 

Manuscript V proposes that the remaining modified indole glucosinolate in 

Arabidopsis, 1MO-I3M, is also generated via a hydroxy-intermediate, in analogy to the 

pathway for generation of 4MO-I3M, and candidate genes have already been identified.  

Furthermore, the work suggests that the reactions from 4OH-I3M to 4MO-I3M and from 

1OH-I3M to 1MO-I3M, respectively, are catalyzed by methyltransferases.  Therefore, the 

identification of the first gene involved in the modification of indole glucosinolate structures 

represents a major advance in one of the last unresolved areas of Arabidopsis glucosinolate 

biosynthesis research (Halkier & Gershenzon, 2006), and promises that the entire gene 
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repertoire for the generation of modified indole glucosinolates will be uncovered in the near 

future. 

Finally, reduction in 4OH-I3M and 4MO-I3M levels in CYP81F2 mutants benefited 

aphids but not herbivory by larvae from several lepidopteran species, irrespective of their host 

range.  Aliphatic glucosinolates, on the other hand, appear to be particularly important for 

defense against generalist lepidopteran larvae (Kroymann et al., 2003; Kliebenstein et al., 

2005; Beekwilder et al., 2008, Manuscript III).  Thus, different elements of the glucosinolate-

myrosinase system have different enemies as their target, reinforcing the idea that the 

complexity of the glucosinolate-myrosinase system has evolved, at least in part, in response to 

biotic challenges inflicted by a diverse community of herbivores, pathogens and other 

enemies.   
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5.1 Summary 

 

This work investigates plant-insect interactions in the model plant Arabidopsis thaliana at the 

molecular and genetic level. 

Among Arabidopsis accessions, there is natural genetic variation for resistance against 

herbivory by the crucifer specialist insects Plutella xylostella and Pieris brassicae.  Six QTL 

for resistance against P. brassicae and one QTL for resistance against P. xylostella were 

detected in the Arabidopsis Da(1)-12 × Ei-2 recombinant inbred line population.  Although 

Da(1)-12 × Ei-2 harbours numerous QTL for glucosinolates, myrosinase activity and trichome 

density, none of these traits explained the resistance QTL convincingly.  This indicates that 

resistance against specialist lepidopterans has a different genetic basis in Arabidopsis than 

resistance against generalist lepidopterans. 

Insect herbivory triggers massive changes in the plant transcriptome.  The impact of Plutella-

responsive genes on plant fitness was investigated with Arabidopsis T-DNA insertion lines.  

Most genes that are differentially regulated upon Plutella herbivory do not alter plant 

resistance against Plutella larvae.  Some genes exhibit fitness consequences contrary to 

expectations based on transcript patterns, suggesting that herbivores may be able to 

manipulate plant gene expression to their own benefit. 

One of the indole glucosinolate QTL that segregated in Da(1)-12 × Ei-2 was cloned by a 

combination of QTL fine mapping and transcript profiling.  This QTL, termed Indole 

Glucosinolate Modifier 1 (IGM1), influences the accumulation of 4-hydroxy-indole-3-yl-

methyl (4OH-I3M) and 4-methoxy-indole-3-yl-methyl (4MO-I3M) glucosinolates.  The 

function of the underlying gene, CYP81F2, was confirmed with Arabidopsis T-DNA insertion 

lines and enzyme assays with heterologously expressed CYP81F2.  CYP81F2 catalyzes the 

conversion of indole-3-yl-methyl (I3M) to 4-methoxy-indole-3-yl-methyl.  CYP81F2 is the 

first identified gene involved in the biosynthesis of modified indole glucosinolates.  A 

rectified model for the biosynthesis of indole glucosinolates was proposed.  The IGM1 QTL is 

largely explained by variation in CYP81F2 expression, controlled by a combination of cis and 

trans acting eQTL.  Differences in the accumulation of modified indole glucosinolates 

influence proliferation of the aphid Myzus persicae but not herbivory by larvae from four 

lepidopteran species. 
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5.2 Zusammenfassung 
 

Die vorliegende Arbeit befaßt sich mit der Verteidigung der Modelpflanze 

Arabidopsis thaliana (Brassicales) gegenüber Insekten.  Sekundäre Pflanzeninhaltsstoffe 

spielen bei der Interaktion zwischen Pflanzen und Insekten eine entscheidende Rolle.  

Während einige Insekten polyphag sind und als Generalisten bezeichnet werden, hat sich ein 

Großteil der herbivoren Insekten im Laufe ihrer Evolution auf bestimmte Pflanzengruppen 

spezialisiert.  Diese Spezialisierung beruht unter anderem auf der Überwindung von 

Verteidigungsmechanismen der Pflanzen, die der Abwehr von Fraßfeinden dienen sollen.  

Das Glucosinolat-Myrosinase-System, das in A. thaliana und anderen Vertretern der Ordnung 

der Brassicales zu finden ist, stellt ein Beispiel für effektives aktivierbares Abwehrsystem 

gegenüber pflanzenfressenden Insekten dar.  Insekten, die auf Kreuzblütler spezialisiert sind, 

haben jedoch Anpassungsmechanismen entwickelt, die dieses System außer Kraft setzen. 

Ein Vergleich mehrerer Arabidopsis-Akzessionen zeigte, daß es zwischen diesen 

Akzessionen natürliche genetische Variabilität in der Suszeptibilität gegenüber den 

Spezialisten Plutella xylostella (Kohlmotte) und Pieris brassicae (Großer Kohlweissling) 

gibt:  Das Ausmaß des durch die Raupen der beiden Spezies hervorgerufenen Fraßschadens 

unterschied sich signifikant zwischen den Akzessionen.  Die QTL-Kartierung (QTL = 

Quantitative Trait Locus/Loci) einer neuen Population rekombinanter Inzuchtlinien (RIL), 

hervorgegangen aus einer Kreuzung der Akzessionen Da(1)-12 und Ei-2, deckte sechs 

genetische Loci auf, die zur Resistenz gegenüber P. brassicae-Larven beitragen.  Zudem 

wurde ein QTL für die Verteidigung gegen P. xylostella detektiert.  Untersuchungen der 

Glucosinolatprofile, der Myrosinaseaktivität und der Trichomdichte der Blätter innerhalb 

dieser Population führten zur Identifikation einer Vielzahl von QTL für diese Merkmale.  

Jedoch erklärten diese QTL nicht in überzeugender Weise die Resistenz-QTL gegen die 

Spezialisten.  Dies deutet darauf hin, dass die Resistenz gegenüber spezialisierten 

Lepidopterenlarven durch genetische Faktoren bestimmt wird, die sich von denen 

unterscheiden, die für Generalisten wichtig sind. 

Neben der konstitutiven Abwehr gegen Fraßfeinde können induzierte 

Verteidigungsmechanismen eine Rolle spielen.  Herbivorie durch Insekten löst üblicherweise 

massive Änderungen im pflanzlichen Transkriptom aus.  Allerdings ist im wesentlichen 

unbekannt, ob und inwieweit die differentielle Regulierung dieser Vielzahl von Genen der 

Verteidigung gegen herbivore Insekten dient.  Daher wurde die potentielle Bedeutung einer 
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Auswahl an Genen, die nach Fraß von Raupen des Spezialisten P. xylostella mit einer 

Änderung ihrer Transkriptmenge reagieren, für die pflanzliche Fitneß untersucht.  Hierzu 

wurden Arabidopsispflanzen mit Insertionen von T-DNA oder Transposons in den 

Kandidatengenen mit Wildtyplinien im Hinblick auf den durch Plutella-Larven verursachten 

Fraßschaden verglichen.  Die Insertion von Fremd-DNA führte in den meisten der 

betrachteten Gene zu einer deutlichen oder sogar vollständigen Disruption der Genfunktion.  

Während etwa ein Viertel der untersuchten T-DNA-Insertionsmutanten im Vergleich zu 

Wildtyppflanzen statistisch signifikante Änderungen in der Pflanzengröße aufwies, gab es nur 

in drei von mehr als 30 betrachteten Linien eine Auswirkung auf den Resistenzphänotyp.  

Dies läßt darauf schließen, daß die meisten der nach Plutella-Fraß auftretenden Änderungen 

im pflanzlichen Transkriptom nicht zur Verteidigung gegenüber diesem Insekt beitragen.  

Zudem standen die Fitnesseffekte im Widerspruch zu den auf Transkriptmustern basierenden 

Erwartungen.  Für zwei Gene, deren Transkriptmenge sich nach Insektenherbivorie erhöhte, 

zeigten sich die Insertionsmutanten resistenter als der Wildtyp.  Für ein weiteres Gen mit 

verringerter Transkriptmenge war der an der Mutantenlinie verursachte Fraßschaden höher als 

an den Kontrollpflanzen.  Dies bedeutet, daß die differentielle Regulierung dieser Gene 

weniger der Pflanze als vielmehr dem Insekt nützt, was vermuten läßt, daß spezialisierte 

Insekten die Fähigkeit entwickelt haben könnten, die Genexpression der Pflanzen zu ihren 

eigenen Gunsten zu manipulieren.  

Die Analyse der Glucosinolatprofile der Da(1)-12 × Ei-2 RIL-Population ergab neben 

vielen anderen, zum Teil bislang unbekannten QTL, einen QTL für die Akkumulation der 

modifizierten Indolglucosinolate 4-Hydroxy-3-indolylmethyl (4OH-I3M) und 4-Methoxy-3-

indolylmethyl (4MO-I3M).  Dieser QTL wurde als Indole Glucosinolate Modifier 1 (IGM1) 

bezeichnet.  Die Kombination zweier Methoden, QTL-Feinkartierung und 

Transkriptprofilierung mittels Mikroarrays, ermöglichte die Identifikation des Gens, das 

IGM1 zugrunde lag.  Die Funktion dieses Genes, welches für das Cytochrom P450 CYP81F2 

codiert, wurde mittels T-DNA Insertionslinien und einem enzymatischen Assay mit heterolog 

exprimiertem CYP81F2 verifiziert.  Das Genprodukt war in der Lage, die Reaktion von Indol-

3-yl-methyl-glucosinolat (I3M) zu  4-Hydroxy-indol-3-yl-methyl-glucosinolat zu 

katalysieren. CYP81F2 ist somit das erste identifizierte Gen, das eine Rolle in der 

Modifikation von Indolglucosinolaten spielt.  Der IGM1 QTL erklärt sich im wesentlichen 

durch Unterschiede in der Expression von CYP81F2, welche über eine Kombination von cis 

und trans eQTL kontrolliert wird.  
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Untersuchungen der Auswirkungen auf das Fraßverhalten verschiedener Insekten 

ergaben, daß Unterschiede in der Akkumulation modifizierter Indolglucosinolate keinen 

Einfluß auf den durch Raupen der Lepidopteren P. xylostella und P. brassicae verursachten 

Fraßschaden hatten.  Ebenso wurden zwei verschiedene Generalisten unter den Lepidopteren, 

Spodoptera exigua und Trichoplusia ni, nicht beeinträchtigt.  Im Gegensatz dazu hatten 

modifizierte Indolglucosinolate Konsequenzen für die Vermehrung der Blattlaus Myzus 

persicae, die sich bei erhöhter Konzentration an modifizierten Indolglucosinolaten deutlich 

langsamer vermehrte.  Generalisten unter den Lepidopteren reagieren üblicherweise 

empfindlich auf aliphatische Glucosinolate.  Dies wurde unter anderem am Beispiel des MAM 

QTL gezeigt, der einen wesentlichen Einfluß auf die Akkumulation aliphatischer 

Glucosinolate hat.  Daher läßt sich schließen, daß die verschiedenen Komponenten des 

Glucosinolat-Myrosinase-Systems unterschiedliche Insekten zum Ziel haben könnten.  Dies 

unterstreicht die Idee, daß sich die Komplexität im Glucosinolate-Myrosinase-System als 

Antwort auf die durch eine Vielzahl von Pflanzenfeinden gestellten Herausforderungen 

entwickelt hat. 
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