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GENERAL INTRODUCTION

CHAPTER 1

Green leaf volatiles as a ‘cure-all’ – biosynthesis, regulation and function
1) Introduction to herbivore-induced plant defenses
2) How do plants arrange their defenses? – the role of phytohormones
3) Elicitors of plant defense responses
4) Herbivore-induced plant volatiles (HIPV)
4.1) Biosynthesis of GLVs
4.3) Versatile role of GLVs
5) The model system
6) Outline of the thesis

Partly published in: “Induction and suppression of herbivore-induced indirect defenses”;
submitted to the book series: “Communication and signaling in Plants” (Springer) issue
“Biocommunication in Plants”, Editors: Frantisek Baluska & Guenther Witzany; Authors:
Alba JM, Allmann S, Glas JJ, Schimmel BCJ, Spyropoulou, EA, Stoops M, Villarroel C, Kant
MR.

CHAPTER 1
General Introduction
The advocate and writer Cheryl Saban once wrote in an online article (The Huffington Post;
Monday, 3 March 2008) “Freshly Mown Grass – The Legal Kind”: ‘The smell of freshly
mown grass is like a ticket to a time machine. Every Wednesday, when the gardeners mow the
lawn, I enjoy a trip to my childhood that leaves me with a satisfied grin on my face. The
earthy, fresh scent makes me remember easier days filled with neighborhood kids on bicycles
riding freehand down our street, with warm, afternoon air billowing through our shirts like
sails.’
Probably everyone is familiar with the characteristic odor of freshly cut grass and has
some memories associated with it. Chemically, this ‘earthy, fresh scent’ of freshly mown
grass is mainly derived from C6 compounds, also called green leaf volatiles (GLVs) (Matsui,
2006). While we generally associate these GLVs with pleasant memories, for plants and their
biotic partners they may not be as pleasant as for us, and may have completely different and
very diverse meanings. This thesis aims to shed light on the biological role of plant GLVs.

1. Introduction to herbivore-induced plant defenses
At first glance, plants are easy food for hungry herbivores (Bede et al., 2007; Merkx-Jacques
et al., 2008). While carnivores often have to chase their prey and put up a struggle before they
can eat, herbivores seem to have it much easier because plants don’t run away. However,
herbivores don’t get their meals for free: plants do fight back.
Plants do not have easy lives and this is reflected by their anatomy and physiology.
Their cell membranes are shielded by walls and their surface is covered with a protective
cuticula and other structures to prevent dehydration as well as penetration by pathogens or
feeding by herbivores (Müller and Riederer, 2005; Hématy et al., 2009). Moreover, plants
accumulate diverse substances that interfere with herbivore digestive physiology. Some
herbivores withstand such constitutive plant defenses. If so, the plant will increase its
defenses to hinder the herbivore more while also switching to other measures such as
selective tissue-death, i.e. the hypersensitive response (HR), and altered resource allocation
(Anten and Pierik, 2010), collectively referred to as “direct defenses” and “tolerance
mechanisms”. Plants will also increase their release of volatiles (Kant et al., 2009). Herbivoreinduced plant volatiles (HIPVs) can be used by foraging predators or host-searching
parasitoids to track down plants with prey, thereby augmenting the plant’s direct defenses.
This is referred to as “indirect defense” because it depends on recruiting herbivores’ enemies
(Heil, 2008; Dicke, 2009). Direct defenses are costly and require resources otherwise used for
8
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growth and reproduction (Walters and Heil, 2007). Therefore plants have evolved a complex,
largely hormonal, signaling network to arrange their physiological priorities during defense
and resource allocation (Pieterse et al., 2009).

2. How do plants arrange their defenses? – the role of phytohormones
Whereas plant resistance against immobile (biotrophic) pathogens is often characterized by an
HR, defense against herbivores is associated with a decrease in tissue palatability (Anten and
Pierik, 2010). Central in the organization of anti-herbivore defenses is the plant hormone
jasmonic acid (JA) and its active derivative JA-Isoleucine (JA-Ile) which rapidly accumulate
during herbivory (Koo and Howe, 2009). JA and its metabolites are collectively referred to as
jasmonates (JAs). The mode of action of JAs has been studied in detail using JA biosynthesisor perception-impaired mutant plants, which are often preferred by herbivores in choice tests
and allow higher herbivore fitness (Kessler, 2004; Howe and Jander, 2008). Accumulation of
JAs-dependent defense proteins and metabolites is often co-regulated by ethylene (ET) in a
synergistic manner. In contrast, the hormone salicylic acid (SA) antagonizes the action of JAs
(Pieterse et al., 2009). SA is well known for its signaling role in defenses induced by
biotrophic pathogens, but many stylet-feeding herbivores, like spider mites, whiteflies and
aphids, induce a cocktail of JAs- and SA-related responses (Kant et al., 2008). Although it is
not clear to which extent this mixed response is required for the plant to establish the
appropriate defenses, the “decoy hypothesis” suggests that in some cases the herbivore could
benefit from a SA-mediated suppression of JAs-mediated defenses (Zarate et al., 2007).
However, phytohormone signaling is much more complicated than that and by now we know
that not only the classical defense hormones JA, SA and ET are involved, but that also other
hormones like abscisic acid, auxin, cytokinins, brassinosteroids and gibberellin influence the
properties of the signaling network (Pieterse et al., 2009; Robert-Seilaniantz et al., 2011). The
dynamics of this complex regulatory network, in which hormonal synergisms and
antagonisms determine the final output of the defense response, depends largely on the type of
herbivore as well as the physiological status of the plant.

3. Elicitors of plant defense responses
Plants can respond very quickly to imminent danger because they have developed strategies to
recognize their enemies and boost defense responses even before herbivores take their first
bite. Herbivores can betray themselves to plants by the damage they cause with their footsteps
when wandering on the leaf surface (Hall et al., 2004; Hilker and Meiners, 2010), or at an
9
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even earlier stage, upon egg deposition. Oviposition often comes along with the wounding of
plant tissue (Hilker and Meiners, 2010), but it is not only the damage itself that plants can
recognize: to attach their eggs to the leaf surface, herbivorous adult females secrete
oviposition fluids which contain elicitor compounds, which in some plants have been shown
to induce local plant defense responses and the release of an egg parasitoid-attracting volatile
blend (Hilker and Meiners, 2010). So far two of these oviposition-mediated elicitor
compounds

have

been

chemically

identified:

1)

bruchins

(mono-

and

bis-(3-

hydroxypropanoate) esters of long chain α,ω-diols) are secreted from ovipositing pea weevil
females (Bruchus pisorum L.). They stimulate cell division and neoplasm formation in several
legumes (Doss et al., 2000; Hilker and Meiners, 2010); 2) benzyl cyanides have been found in
oviposition fluids of mated female cabbage white butterflies (Pieris brassicae). They induce
transcriptional changes in several defense-related genes and changes in the leaf surface,
causing the egg parasitoid Trichogramma brassicae to stay longer at or near the oviposition
sites (Fatouros et al., 2008; Hilker and Meiners, 2010).
Plants are able to distinguish real folivory from pure mechanical damage by
recognizing the frequency of feeding damage (Mithöfer et al., 2005) or the presence of
chemical elicitors introduced into the wound during feeding (Howe and Jander, 2008; Wu and
Baldwin, 2010; Bonaventure et al., 2011). These chemical elicitors are in general able to
increase the accumulation of phytohormones (Howe and Jander, 2008; Wu and Baldwin, 2009)
and to induce the herbivore-specific release of volatiles, thereby attracting predators and
parasitoids to the plant’s attacker (Wu and Baldwin, 2010). Herbivores can produce different
cocktails of elicitor compounds, and each plant species can in principle respond very
specifically to different herbivores (Schmelz et al., 2009; Eichenseer et al., 2010).

Fatty acid-amino acid conjugates (FACs) are a group of compounds formed in insect
regurgitant by conjugation of a plant-derived fatty acid to an insect-derived amino acid (Parè
et al., 1998). The first chemically described FAC was N-17- hydroxylinolenoyl-L-glutamine.
It was identified from the oral secretions (OS) of Spodoptera exigua larvae, and named
volicitin since it induced, like the caterpillar’s OS, the emission of several terpenoids in Zea
mays (Alborn et al., 1997). By now FACs have been found in the OS of many lepidopteran
species (Yoshinaga et al., 2010) and recently also in the OS of two cricket species
(Teleogryllus taiwanemma and T. emma) and fruit flies (Drosophila melanogaster)
(Yoshinaga et al., 2007). However, the composition and proportion of FACs depends on the
availability of fatty acids in the diet (Parè et al., 1998; De Moraes and Mescher, 2004),
10
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species-specific rates of biosynthesis (Lait et al., 2010) and subsequent modifications
catalyzed by the plant (VanDoorn et al., 2010) or the insect itself (Mori et al., 2001). FACs
represent a well-studied class of plant elicitors which do not only activate phytohormonemediated direct defense responses, but also the production and emission of HIPVs (Hilker and
Meiners, 2010; Bonaventure et al., 2011).
Caeliferins are a group of sulfated fatty acids and, depending on whether the ωcarbon-chain is decorated with either a sulfated hydroxyl group or a carboxyl group
conjugated to glycine, are called caeliferin A or B, respectively. Caeliferins have recently
been identified from the OS of the grasshopper Schistocerca americana and they induce, like
volicitin, the release of herbivore-specific terpenes from maize seedlings (Alborn et al., 2007;
Hilker and Meiners, 2010; Wu and Baldwin, 2010).
A third group of elicitors are proteolytic peptides, called inceptins, which were
isolated from the OS of Spodoptera exigua (Schmelz et al., 2006). Inceptins are formed in the
insect midgut by degradation of the plant chloroplastic ATP synthase γ-subunit. Even very
small amounts (1 fmol Inceptin per leaf) are able to effectively amplify the accumulation of
the phytohormones JA, ET and SA and to induce the emission of the homoterpene (E)-4,8dimethyl-1,3,7-nonatriene (DMNT) from cowpea (Schmelz et al., 2006; Schmelz et al., 2007;
Hilker and Meiners, 2010; Wu and Baldwin, 2010).
Not only relatively small molecular weight compounds but also bigger molecules, like
enzymes, have been shown to serve as elicitors of plant defenses: β-glucosidase is a digestive
enzyme which catalyzes the hydrolysis of glycosidic linkages in glycosides. Its activity was
detected in the OS of Pieris brassicae. Application of the pure enzyme to the wounds of
Brussels sprouts resulted in a volatile release very similar to that of OS-treated plants, and this
release attracted the egg parasitoid Cotesia glomerata (Mattiacci et al., 1995).
In this thesis I describe an enzyme that directly affects induced changes in plant
volatile emission without eliciting the plant. The enzyme activity has been found in the OS of
Manduca sexta. When M. sexta caterpillars fed on Nicotiana attenuata the (Z)/(E)-ratio of
green leaf volatiles (GLVs) dramatically changed, and this change in the volatile bouquet
tripled the foraging efficiency of the generalist predators Geocoris spp. (Chapter 3) and
decreased the oviposition frequency of gravid hawkmoths (Chapter 4). Interestingly the
rearrangement from (Z)-isomers to (E)-isomers is not made by the plant but by the insect’s
OS itself (Allmann and Baldwin, 2010). In Chapter 5 the initial characterization of the
responsible enzyme is described.
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The fact that the oral secretions of herbivores contain specific elicitors and other
compounds that trigger e.g. the emission of HIPVs indicates that plants can evolve to
recognize a pest and to initiate direct and indirect defenses. It is thus not surprising that
herbivores can evolve to suppress these defenses. Suppression of direct and indirect defenses
has been shown for chewing (Musser et al., 2002; Bede et al., 2006; Gaquerel et al., 2009),
and sucking insects (Zarate et al., 2007; Kant et al., 2008; Bos et al., 2010; Alba et al., 2011;
Sarmento et al., 2011). The mechanisms by which herbivores suppress plant defenses are not
well understood, but they can often be explained by antagonizing effects of phytohormones,
as suggested for glucose oxidase, which was the first identified salivary enzyme that was able
to suppress herbivore-induced defenses in plants (Musser et al., 2005; Diezel et al., 2009;
Eichenseer et al., 2010).

4. Herbivore-induced plant volatiles (HIPV)
More than 1700 volatile compounds have been isolated from over 90 plant families (Maffei
2010), and these plant volatiles, derived from reproductive or vegetative tissues, establish
interactions with the biotic environment of the plant. Despite the complex interactions in
which these volatiles play a role, they are derived from only a handful of biochemical
pathways (Dudareva et al., 2006). The majority of organic plant volatiles are either mono- or
sesquiterpenes, derived from the isoprenoid pathways (in plants there are two); aromatic
metabolites, such as methyl salicylate, indole and benzenoids from the shikimate/ tryptophan
pathway; or green leaf volatiles, derived from the oxylipin pathway (Maffei, 2010).

4.1 Biosynthesis of GLVs
GLVs form an important group of HIPVs. While emitted only in trace amounts from healthy,
undamaged plant tissue, they are rapidly released upon herbivory (Allmann and Baldwin,
2010). The increase in emission is transient but can be sustained over days by repetitive
wounding from feeding herbivores (Turlings et al., 1995). GLVs are generated from the C18
fatty acids α-linolenic acid (18:3) and linoleic acid (18:2) which are liberated from membrane
lipids, probably enzymatically by (a) yet unknown lipase(s) (Fig. 1-1). These fatty acids are
subsequently dioxygenated by a 13-lipoxygenase (LOX). LOXs are non-heme, ironcontaining enzymes catalyzing the incorporation of molecular oxygen at the C-9 and/or C-13
position (Liavonchanka and Feussner, 2006) of polyunsaturated fatty acids. The 13hydroperoxy fatty acids (13-HPs) are then cleaved by the action of the cytochrome P450
hydroperoxide lyase (HPL; Pinot and Beisson, 2010) leading to the formation of the C12
12
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compound (9Z)-traumatin and a C6 compound. Depending on whether α-linolenic acid or
linoleic acid was the starting material, the resulting C6 compound is either the unsaturated
(Z)-3-hexenal or the saturated n-hexanal. (Z)-3-hexenal is relatively unstable and thus easily
re-arranges either non-enzymatically or through catalysis by a (3Z):(2E)-enal isomerase to
(E)-2-hexenal (Takamura and Gardner, 1996; Noordermeer et al., 1999). All aldehydes can be
further metabolized by the activity of alcohol dehydrogenase (ADH) and alcohol
acyltransferase (AAT; D'Auria et al., 2007) to the corresponding alcohols and their esters
(Matsui, 2006).
The GLV-pathway represents only one branch of oxylipin biosynthesis, which
comprises multiple biosynthetic branches that all start with dioxygenated fatty acid substrates
(hydroperoxides, HP). Other branches lead, for example, to the formation of JA and divinyl
ether fatty acids. However, not all HPs necessarily come from the same pool, nor are all
necessarily provided by the same enzymes, i.e., the same lipases and LOXs. While no GLVspecific lipase has been identified so far, several lipases have been found that are involved in
the fatty acid supply for JA biosynthesis: In Arabidopsis, the activation of the JA pathway is
dependent on several partly redundant lipases, since knocking out one of them did not
completely abolish the wound-induced JA-burst (Ellinger et al., 2010). N. attenuata plants
with reduced expression of the plastidial lipase GLA1 showed a decrease in wound-induced
JA levels of approx. 75% (Kallenbach et al., 2010; Bonaventure et al., 2011). However, these
plants were unaffected in their GLV levels, indicating that this lipase does not supply fatty
acids for the GLV pathway (Bonaventure et al., 2011). Such pathway specificity has also been
reported for LOXs in several plant species. In potato, two distinct wound-inducible LOX
genes (LOX-H1 and LOX-H3) have been identified. While transgenic plants with reduced
expression levels of LOX-H1 exhibited a clear decrease in their GLV emission, the release
was normal in plants with reduced LOX-H3 expression (Leon et al., 2002). In tomato,
silencing TomLOXC expression led to a significant reduction of GLVs in fruits and leaves
(Chen et al., 2004) while silencing TomLOXA and TomLOXB, which are expressed in seeds or
roots (Ferrie et al., 1994), had no effect on the production of GLVs (Griffiths et al., 1999).
Rice possesses at least five different LOXs: while OsHI-LOX channels 13-HPs specifically to
the JA-branch (Zhou et al., 2009), another 9/13-LOX, OsLOX1, has been shown to supply
both the JA as well as the GLV branch (Wang et al., 2008). N. attenuata posseses two 13LOXs, of which one (NaLOX3) specifically feeds into the JA-pathway, while the second
LOX (NaLOX2) provides HPs to synthesize GLVs (Allmann et al., 2010 and Chapter 2).
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Figure 1-1. Biosynthetic pathway of green leaf volatiles
The C18 fatty acids α-linolenic acid (18:3) and linoleic acid (18:2) are liberated from membrane lipids
either enzymatically or non-enzymatically, and subsequent incorporation of molecular oxygen is
catalyzed by a 13-lipoxygenase (LOX). The resulting hydroperoxides are cleaved by a hydroperoxide
lyase (HPL) into (9Z)-traumatin and (Z)-3-hexenal or n-hexanal. (Z)-3-hexenal partly isomerizes to
(E)-2-hexenal. For few plant species, (3Z):(2E)-enal isomerase activity has been documented. All
aldehydes can be further metabolized by the activity of an alcohol dehydrogenase (ADH) and an
alcohol acyltransferase (AAT) to the corresponding alcohols and their esters.
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4.2 Versatile roles of GLVs
GLVs are ubiquitous compounds as almost every green plant releases them. The release of
GLVs is initiated by cell disruption caused by mechanical damage (Halitschke et al., 2004) or
herbivory (De Moraes et al., 2001; Allmann and Baldwin, 2010), by pathogen attack (Croft et
al., 1993; Shiojiri et al., 2006), and also as a consequence of abiotic stress (Gouinguene and
Turlings, 2002; Heiden et al., 2003) or a sudden switch from light to dark (Brilli et al., 2011).
Their functions are as broad as their occurrence:

Effects on microorganisms
GLVs can have a direct repellent or toxic effect on microbes or fungi (Hamiltonkemp et al.,
1992; Nakamura and Hatanaka, 2002; Prost et al., 2005) and might thus be produced and
released by plants to protect themselves from infection. In 1960, Major et al. reported that
(E)-2-hexenal extracted from ginkgo leaves functioned as a fungal growth inhibitor.
Especially this aldehyde, with its α,β-unsaturated-carbonyl group, has potent antimicrobial
activity (Croft et al., 1993; Prost et al., 2005; Menniti et al., 2009) and it has already been
tested and successfully used for improving the shelf life and the hygienic safety of processed
food (Lanciotti et al., 2003; Belletti et al., 2007). While most studies used plate-assays to
determine the antimicrobial activity of GLVs, only few studies have tested their properties
directly in the plant: Plants inoculated with Botrytis cinerea increased their HPL transcript
levels and concomitantly their GLV release (Shiojiri et al., 2006; Kishimoto et al., 2008).
Furthermore, overexpression of HPL in Arabidopsis resulted in greater resistance of the
transgenic plants against B. cinerea, while suppression of HPL caused greater susceptibility to
the pathogen (Shiojiri et al., 2006). Pre-infestations of rice plants with the white-backed
planthopper Sogatella furcifera induced the expression of HPL2 and subsequently increased
the release of (E)-2-hexenal, finally leading to an increased resistance to bacterial blight
(Gomi et al., 2010).

Effects on insects
HIPVs can mediate indirect defenses, i.e. by attracting foraging carnivorous predators and
parasitoids that kill herbivores. Many studies have shown that attraction of predators and
parasitoids is largely depending on HIPVs (Dicke, 2009; Mumm and Dicke, 2010). Dicke &
Sabelis (1988) were the first to show that HIPVs indeed can be key foraging cues for natural
enemies of herbivores. By means of a Y-tube olfactometer assay, they showed that the blind
predatory mite Phytoseiulus persimilis depends on HIPVs for finding plants infested with its
15
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prey, the spider mite Tetranychus urticae. Since then, many other studies have followed and
they showed a similar attractive behavior of several parasitoids and predators to single volatile
compounds or complex mixtures (for reviews see Heil, 2008; Dicke, 2009; Mumm and Dicke,
2010). Most of these studies were performed under laboratory conditions (Allison and Hare,
2009; Mumm and Dicke, 2010) and only few have challenged the indirect plant defense
paradigm under field conditions (Allison and Hare, 2009).
As GLVs are immediately released from the wounded leaf of a plant, this group of
HIPVs can provide rapid and reliable information about the exact location of the attacking
herbivore. However, because GLVs are released from almost every plant and under various
stress conditions, they might not provide reliable information to the prey-searching carnivore.
Nonetheless, many studies showed that predators and parasitoids are indeed attracted to single
GLVs or to a set of GLVs (Kessler and Baldwin, 2001; James, 2005; Shiojiri et al., 2006;
Shimoda, 2010). It has been hypothesized that GLVs, due to their ubiquity and nonspecific
information, should be mainly attractive to naïve natural enemies (Hoballah et al., 2002).
Indeed, Hoballah et al (2005) showed that the parasitoid Cotesia marginiventris shifted its
odor preference from a mainly GLV-containing mixture, when inexperienced, to a mixture
that contained GLVs and terpenoids after it had experienced the latter blend in association
with hosts (Hoballah and Turlings, 2005). However, we recently showed that the rapid release
of GLVs can in fact contain herbivore-specific information: the (Z)/(E)-ratio of GLVs
released from N. attenuata plants changed when plants were attacked by its specialist
herbivore, the tobacco hornworm (M. sexta). This herbivore-induced change in the (Z)/(E)ratio tripled the foraging efficiency of the generalist predators Geocoris spp. in nature
(Allmann and Baldwin, 2010 and Chapter 3).
Unfortunately, at least from the plant’s perspective, the volatile information that plants
release into the air upon herbivory is (probably) not encrypted and can thus be used and
abused by non-beneficial insects for e.g. host plant recognition. Interestingly, the responses of
herbivores to HIPVs can vary tremendously depending on the volatile composition, the insect
gender or species; while some herbivores are repelled by GLVs, others are clearly attracted
(Dicke and van Loon, 2000; Dicke and Baldwin, 2009).
Early results from Visser and Ave (1978) showed that the odor of potato plants was
attractive to the Colorado potato beetle, Leptinotarsa decemlineata, but that individual
components ((E)-3-hexenol, (Z)-2-hexenol, (E)-2-hexenol or (E)-2-hexenal) were not.
Interestingly the addition of single GLVs to the potato odor disrupted the attraction of the
potato beetle, suggesting that certain GLV ratios are important for host odor recognition.
16
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Field experiments with tobacco (N. attenuata) revealed that flea beetles (Epitrix hirtipennis)
were more abundant on GLV-producing wild type plants compared to plants with reduced
HPL expression (as-hpl; Halitschke et al., 2008). Interestingly, for the tobacco hornworm, M.
sexta, GLVs seem to serve as feeding stimulant (Halitschke et al., 2004; Meldau et al., 2009).
GLVs are not only used to find appropriate host plants, but also to find mating
partners; cockchafer males (Melolontha sp.) swarming at dusk use plant-derived GLVs as
primary attractants for mate finding (Reinecke et al., 2002; Ruther et al., 2002). Similar
results have been shown for the garden chafer, Phyllopertha horticola, as exclusively male,
but not female garden chafers were attracted to (Z)-3-hexenol (Ruther, 2004).
Furthermore, GLVs enhanced the attraction of both male and female diamondback moths
(Plutella xylostella) when added to a pheromone blend in the field (Reddy and Guerrero,
2000).
As the increased release of plant volatiles may indicate to the herbivore that defensive
compounds in the volatile-emitting plant have been induced, or that conspecific competitors
and/or natural enemies are already present (Dicke and van Loon, 2000), the release of GLVs
can also have a repellent effect on herbivores. Both C6 aldehydes and especially their alcohols
were effective in reducing tobacco aphid (Myzus nicotianae) fecundity (Hildebrand et al.,
1993), and the closely related green peach aphid Myzus persicae, fed on HPL-depleted potato
plants (Solanum tuberosum) showed an almost two-fold increase in fecundity compared to
wild type-fed insects (Vancanneyt et al., 2001). However, it is not clear whether GLVs have a
direct toxic or repellent effect on aphids, or rather an indirect effect by inducing changes in
the plant’s leaf chemistry. HIPVs, including GLVs, are also used by gravid moths to choose
appropriate host plants for their offspring. In field experiments, undamaged control plants of
N. attenuata received more eggs from the moth of the tomato hornworm M. quinquemaculata
than plants that were already damaged by conspecific caterpillars (Kessler and Baldwin,
2001). Recently, we showed that female Manduca moths can even distinguish between (Z)and (E)-isomers of GLVs. In field experiments they laid fewer eggs on Datura wrightii plants
that were perfumed with (E)-isomers or low (Z)/(E)-ratios, resembling the GLV bouquet of
Manduca-attacked plants (Chapter 4). Additionally, spr2 mutants of tomato plants, which
release lower amounts of unsaturated GLVs and some terpenoids, were preferred over wild
type plants by ovipositing Manduca moths (Sánchez-Hernández et al., 2006).
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Figure 1-2. The versatile roles of GLVs
Green leaf volatiles are released by plants and their emission increases upon exposure to various biotic
and abiotic factors. GLVs can affect plants’ interactions with many organisms, including
microorganisms (1), insects (2-3, 6) and plants (4-5).

Effects on plants
Neighboring plants can also receive HIPVs and consecutively induce their own defenses (Heil
and Karban, 2010). The idea that signaling between plants might be mediated by volatiles to
activate defense responses emerged in the early eighties (Baldwin and Schultz, 1983; Rhoades
David, 1983). Although controversial at that time, many studies have followed since,
confirming that volatiles can initiate plant defense responses (Baldwin et al., 2002; Heil and
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Karban, 2010). Treating plants with GLVs has shown to induce the expression of several
defense-related genes and downstream metabolites (Zeringue Jr, 1992; Bate and Rothstein,
1998; Arimura et al., 2001; Farag et al., 2005; Engelberth et al., 2007) including a subsequent
release of HIPVs (Farag and Paré, 2002; Ruther and Furstenau, 2005; Ruther and Kleier, 2005)
or the secretion of extrafloral nectar (Kost and Heil, 2006). Strikingly, Paschold et al. (2006)
found that the absence of GLVs from a WT wounding-induced volatile blend caused the
transcriptional up-regulation of several defense related genes in N. attenuata. This
demonstrates that GLV signaling and the subsequent processing of the information might not
always be straightforward and it indicates that plants may ‘expect’ to perceive a wild type
GLV blend from a neighbor, and are ‘confused’ when they do not; but perhaps this is not the
same as adding extra GLVs to the neighbor blend, either for the receiver’s physiology, or for
the ecological relevance of the information.

However, plants do not always directly up-regulate their defenses when
exposed to plant volatiles. They can also be alerted by theses volatiles, enabling them to
induce their defenses more rapidly and/or more effectively at the actual time of herbivore
attack. This form of “alertness” is also called priming and it has the advantage that it does not
involve a significant fitness penalty for the plant (Heil and Baldwin, 2002; van Hulten et al.,
2006). One of the best-described forms of priming is systemic acquired resistance (SAR), i.e.,
when a local leaf becomes infected by a pathogen, the systemic leaves can develop resistance
to a broad spectrum of pathogens (Vlot et al., 2008; Shah, 2009). A comparable mechanism
for priming against herbivore attack by GLV exposure was reported by Engelberth et al.
(2004). Since then, several other studies have followed and confirmed the priming effect of
GLVs on plants (Kessler et al., 2006; Frost et al., 2007; Heil and Bueno, 2007; Frost et al.,
2008).
Volatile signaling between plants seems to be counterproductive for the emitting plant,
as the volatile signals might benefit neighboring and probably genetically unrelated receivers,
which may compete with the emitter for resources and fitness. Recently it has been shown
that volatile signaling also takes place within a plant (Heil and Bueno, 2007). Intra-plant
signaling by volatiles can overcome vascular constraints (Frost et al., 2007; Heil and Bueno,
2007) or might augment vascular systemic signals. GLVs might be of special importance for
within-plant signaling events, as they are rapidly released after herbivory and highly volatile
and can thus supply information to adjacent leaves within seconds.
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The observation that plants can use volatile information coming from neighboring
plants or adjacent leaves raises questions about the perception and transduction of green leaf
volatiles and the mechanism behind priming. It has been suggested that GLVs with an α,βunsaturated carbonyl group, like (E)-2-hexenal, are potent inducers of plant defenses due to
their chemical reactivity (Alméras et al., 2003). To elucidate such mechanisms Mirabella et al.
(2008) isolated A. thaliana mutants in which phenotypic responses to (E)-2-hexenal were
altered. These studies revealed a possible role of γ-amino butyric acid in mediating (E)-2hexenal responses. However, GLVs that lack an α,β-unsaturated carbonyl group and which
are unable to yield an electrophile such as (E)-2-hexenal also have been shown to induce
defense responses in a plant (Heil et al., 2008). Thus, it has been hypothesized that GLVs
interact with membrane proteins of plants, like odorant binding proteins of insects, leading to
changes in transmembrane potentials and subsequent induction of gene activity (Heil et al.,
2008; Arimura et al., 2011).

5. Model system
For my studies I used two solanaceous plant species: wild coyote tobacco (N. attenuata,
Chapters 2 and 3) and jimsonweed (Datura wrightii, Chapter 4). The model plant N.
attenuata is a well-studied annual plant which has its native habitat in western North America
(Baldwin, 2001). N. attenuata seeds germinate after fire from long-lived seed banks (Baldwin
et al., 1994; Preston and Baldwin, 1999). While this germination behavior provides plants
with nitrogen-rich soil and a habitat that lacks interspecific competition, N. attenuata is
confronted with intense intraspecific competition and variable herbivore communities
(Baldwin, 2001).
Among its most devastating attackers in nature are the tobacco and the tomato
hornworms M. sexta and M. quinquemaculata (Lepidoptera: Sphingidae) which are also often
associated with D. wrightii as a host plant, forming an ambivalent relationship as nectarfeeding pollinators as ovipositing adults, but folivorous larvae after oviposition (Mechaber et
al., 2002; Mira and Bernays, 2002). The defense responses of N. attenuata upon M. sexta
attack are well described, and a large portion of these defenses can be attributed to the plant’s
perception of FACs present in the OS of Manduca caterpillars (Halitschke et al., 2001).
During herbivory, OS are introduced into plant wounds, causing not only major
transcriptional changes in the plant (Halitschke et al., 2003), but also the elicitation of a
transient JA and ET burst (Kahl et al., 2000; Wang et al., 2007; Wang et al., 2008) which
exceeds those bursts elicited by simple mechanical damage (Kahl et al., 2000). JA and its
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derivatives play an essential role in mediating direct and indirect defenses as they are
responsible for the accumulation of several defensive secondary metabolites, including trypsin
proteinase inhibitors (Zavala et al., 2004) and diterpene glycosides (Jassbi et al., 2008;
Heiling et al., 2010; Jassbi et al., 2010) and the release of the sesquiterpene (E)-αbergamotene (Halitschke et al., 2000; Schuman et al., 2009). Accordingly, N. attenuata plants
with a deficiency in JA production (as-lox3; Kessler, 2004) or JA perception (ir-coi1;
Paschold et al., 2007) have been shown to be more vulnerable to N. attenuata’s adapted
herbivore community when transplanted into their native habitat. Furthermore these plants
also attracted novel herbivore species which were not present on normally defended wild type
plants (Kessler, 2004).
Both N. attenuata and D. wrightii respond to M. sexta attack by emitting HIPVs
(Gaquerel et al., 2009; Hare and Sun, 2011). However, M. sexta feeding does not only
increase the emission of HIPVs; it also suppresses the release of certain volatiles, suggesting
that plants have the tools to fine-tune their herbivore-induced volatile emissions (Gaquerel et
al., 2009). Interestingly, although FACs played a central role in this pattern of regulation, as
they inhibited the production of almost all OS-suppressed volatiles and accounted for half of
the OS-elicited volatiles, they cannot explain all OS-induced regulatory changes in the
volatile emissions. For example, the M. sexta OS-induced isomeric changes in the GLV
profile of N. attenuata (Chapter 3) and D. wrightii (Chapter 4) are clearly not dependent on
FAC-perception, but occur by the action of a yet unknown enzyme (Allmann and Baldwin,
2010 and Chapter 3).
The emission of HIPVs attracts predatory big-eyed bugs (Geocoris spp.) (Hemiptera:
Geocoridae; Kessler and Baldwin, 2001; James, 2005). Geocoris spp. are generalist predators
which feed amongst others on Manduca eggs and early larval instars. These predators have
been shown to account for a vast majority of M. quiquemaculata mortality in nature (Kessler
and Baldwin, 2002).

6. Outline of the thesis
In this thesis, I describe the biosynthesis of GLVs in the wild tobacco N. attenuata, how
herbivory by the tobacco hornworm M. sexta affects the plant’s GLV composition and what
the consequences of these herbivore-induced changes are for plants, herbivores and predators.
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Chapter 2 - Oxylipin channeling in Nicotiana attenuata: Lipoxygenase 2 supplies
substrates for green leaf volatile production
In Chapter 2, we compare isogenic lines of the wild tobacco N. attenuata with reduced
expression of NaLOX2 (irlox2) or NaLOX3 (irlox3) to determine the role of these different
LOX isoforms in supplying substrates for two different pathways leading to the formation of
either GLVs or JA. We show that reduced NaLOX2 expression strongly decreases the
production of GLVs without influencing the formation of JA and downstream metabolites.
Conversely, reduced NaLOX3 expression strongly decreases JA biosynthesis without
influencing GLV production. These results demonstrate that N. attenuata channels the flux of
hydroperoxides through the activities of different LOXs, leading to different direct and
indirect defense responses mediating the plant’s herbivore resistance.

Chapter 3 – Insects betray themselves in nature to predators by rapid isomerization
of green leaf volatiles
In Chapter 3 we show that the rapid release of GLVs profoundly impacts tritrophic
interactions under natural conditions. First, we show that mechanically damaged leaves of the
wild tobacco N. attenuata release large amounts of (Z)-GLVs and low amounts of (E)-GLVs,
but that feeding by the specialist herbivore, the tobacco hornworm (M. sexta), dramatically
shifts this isomer ratio from (Z)- to (E)-GLVs. Subsequently we show that the herbivoreinduced change in the (Z)/(E)-ratio triples the foraging activity of the generalist predators
Geocoris spp. on caterpillar eggs. Finally we demonstrate, much to our own surprise, that the
distinct change in the (Z)/(E)-ratio is not caused by the plant, but by the insect itself: in vitro
assays show that enzymatic activity of the oral secretions (OS) of M. sexta caterpillars
isomerize (Z)-3-hexenal to (E)-2-hexenal independently from the plant. Hence we are left
with the puzzling observation that M. sexta caterpillars are betraying themselves by making
the plant’s volatile bouquet more attractive to their natural enemy and, to explain this, we
hypothesize that the enzyme may play a role in the insect’s disease immunity.

Chapter 4 - Isomerization of green leaf volatiles alters the behavioral responses of
female Manduca moths
In Chapter 4 we show that the herbivore-induced shift in the (Z)/(E)-ratio of GLVs released
from N. attenuata plants is reproducible in Datura wrightii, another plant species of the
solanaceous family. In this study we test whether the application of M. sexta’s oral secretions
causes a change in the GLV profile, not only during the day but also and especially during
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sunset and night – the active times of the hawkmoths M. sexta and M. quiquemaculata. With
functional calcium imaging we demonstrate four different regions of interest (ROIs) in the
antennal lobe of M. sexta females which are activated upon stimulation with several GLVs.
Interestingly, two of these ROIs show high isomer specificity for hexenyl acetates as they are
either activated by (Z)-3-hexenyl acetate or its (E)-2-isomer. Furthermore, stimulation with
different ratios of both acetate isomers results in distinguishable activation patterns. With field
experiments, in the native habitat of the moth, we demonstrate that the oviposition behavior of
female Manduca moths differs between (Z)- and (E)-GLVs, between different (Z)/(E)-ratios
and between the two hexenyl acetates.

Chapter 5 - Purification and properties of a (3Z):(2E)-enal isomerase from M.
sexta’s oral secretions
In Chapter 5 we describe our first results on the characterization and purification of a
(3Z):(2E)-enal isomerase from M. sexta’s oral secretions by biochemical fractionation.

Chapter 6 – General Discussion
In Chapter 6 I discuss the results presented in this thesis and I summarize the possible
functions that (Z)/(E)-isomerization of GLVs might have, and who might benefit from such
isomerizations.
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ABSTRACT
Lipoxygenases (LOXs) are key enzymes in the biosynthesis of oxylipins and
catalyze the formation of fatty acid hydroperoxides, which represent the first
committed step in the synthesis of metabolites that function as signals and
defenses in plants. Hydroperoxides are the initial substrates for different branches
of the oxylipin pathway and some plant species may express different LOX
isoforms that supply specific branches. Here we compare isogenic lines of the
wild tobacco Nicotiana attenuata with reduced expression of NaLOX2 (irlox2) or
NaLOX3 (irlox3) to determine the role of these different LOX isoforms in
supplying substrates for two different pathways: green leaf volatiles (GLVs) and
jasmonic acid (JA). Reduced NaLOX2 expression strongly decreased the
production of GLVs without influencing the formation of JA and JA-related
secondary metabolites. Conversely, reduced NaLOX3 expression strongly
decreased JA biosynthesis, without influencing GLV production. The temporal
expression of NaLOX2 and NaLOX3 also differed after elicitation; NaLOX3 was
rapidly induced, attaining highest transcript levels within 1 h after elicitation,
whereas NaLOX2 transcripts reached maximum levels after 14 h. These results
demonstrate that N. attenuata channels the flux of hydroperoxides through the
activities of different LOXs leading to different direct and indirect defense
responses mediating the plant’s herbivore resistance.

Image description front page
Upper left panel: procedure of mechanically wounding a leaf with a fabric pattern wheel. Image courtesy of A.P.
van Doorn.
Upper right panel: trapping set-up in the greenhouse.
Lower left panel: Radial diffusion assay to determine trypsin protease inhibitor activity. Image courtesy of M.
Hartl.
Lower right panel: Magnified areas of representative two-dimensional false-color chromatograms.
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INTRODUCTION
Plants utilize diverse metabolic resources to defend themselves against attacks from
herbivores. Often the production of different defense metabolites is activated by the same
signaling pathway. Lipoxygenases (LOXs) are ubiquitous enzymes involved in the production
of important signaling molecules and defense metabolites in plants, fungi, algae and mammals
(Andreou et al., 2009). LOXs catalyze the dioxygenation of polyunsaturated fatty acids
containing a (1Z,4Z)-pentadiene moiety (Gardner, 1991) to form fatty acid hydroperoxides
(HPs). In plants linoleic acid and α-linolenic acid are the main substrates for this reaction.
LOXs are divided in two major classes, 9-LOXs and 13-LOXs, introducing an oxygen group
either at the C-9 (9-HPs) or C-13 position (13-HPs; Liavonchanka and Feussner, 2006). The
resulting HPs are further metabolized via several metabolic routes and metabolites originating
from these enzymatic reactions are commonly named oxylipins. One of these routes starts
with the enzyme allene oxide synthase (AOS) which converts 13-hydroperoxy linolenic acid
to an unstable allene oxide intermediate and in turn is modified by a cascade of enzymes
finally leading to the formation of jasmonic acid (JA). Another route starts with the enzyme
hydroperoxide lyase (HPL) which catalyzes the cleavage of 13-HPs to form C12- (12-oxo(Z)-9-dodecenoic acid) and C6-compounds (hexanal and (Z)-hex-3-enal), commonly referred
to as green leaf volatiles (GLVs).
JA and some of its precursors and derivatives are important plant signaling molecules
involved not only in growth and developmental processes (Creelman and Mullet, 1997;
Wasternack, 2007; Acosta et al., 2009) but also in mediating plant defense responses against
herbivores and microbial pathogens (Browse, 2009; Koo and Howe, 2009). In unwounded
leaves, JA is maintained at low levels. However, it quickly accumulates in plant tissue after
mechanical damage or herbivory (Baldwin et al., 1994; Glauser et al., 2008; Paschold et al.,
2008), and this accumulation is essential for the elicitation of defensive secondary metabolites
to fend off diverse attackers (Halitschke and Baldwin, 2004; Glazebrook, 2005; Howe and
Jander, 2008).
GLVs form an important group of herbivore-induced plant volatiles (HIPVs). This
group consists of six-carbon-aldehydes, alcohols and their esters. GLVs are emitted only in
trace amounts from healthy, undamaged plant tissue but they are rapidly released when a plant
gets damaged (Turlings et al., 1995; D'Auria et al., 2007). GLVs can have diverse defenseassociated functions. First, they can have a direct repellent or toxic effect on microbes, fungi
(Hamilton-Kemp et al., 1992; Nakamura and Hatanaka, 2002; Prost et al., 2005), and insects
(De Moraes et al., 2001; Kessler and Baldwin, 2001; Vancanneyt et al., 2001). However,
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GLVs were also found to stimulate the feeding activity of some lepidopteran larvae
(Halitschke et al., 2004; Meldau et al., 2009). Second, similarly to other HIPVs, GLVs can
function as indirect defense responses by attracting foraging predators and host-seeking
parasitoids to the plant and its attacker (Kessler and Baldwin, 2001; Shiojiri et al., 2006;
Halitschke et al., 2008). However, while establishing indirect defenses, these volatiles can
also serve as intra-plant signals eliciting systemic responses in adjacent branches or as interplant signals by inducing, or priming defenses in eavesdropping neighboring plants (Bate and
Rothstein, 1998; Engelberth et al., 2004; Kost and Heil, 2006; Paschold et al., 2006; Mirabella
et al., 2008).
Although the JA- and GLV- pathways are both dependent on the supply of HPs, some
plant species possess different LOX isoforms that supply HPs only for specific oxylipin
branches. In potato leaves, two distinct LOX genes (LOX-H1 and LOX-H3) have been
identified that are induced after wounding and herbivory. Upon induction, LOX-H3 mRNA
accumulated transiently with a peak at 30 min, whereas LOX-H1 transcripts reached
maximum levels almost one day later (Royo et al., 1999). Moreover, transgenic plants with
reduced expression levels of LOX-H1 exhibited a clear decrease in their GLV emission, while
the release was normal in plants with reduced LOX-H3 expression. Interestingly, although
both LOX-silenced lines were not impaired in their induced JA levels, they showed a clear
reduction in their wound inducibility of proteinase inhibitors and other JA-responsive genes
compared to wild type (WT) plants (Leon et al., 2002). In tomato plants, silencing TomLOXC
expression led to a significant reduction of GLVs in fruits and leaves (Chen et al., 2004) while
silencing TomLOXA and TomLOXB, which are expressed in seeds or roots (Ferrie et al.,
1994), had no effect on the production of GLVs (Griffiths et al., 1999). While TomLOXC
mRNA was not wound-inducible in tomato leaves, TomLOXD transcripts accumulated rapidly
and transiently with the accumulation of JA, suggesting a possible role of TomLOXD in JA
biosynthesis (Heitz et al., 1997). In Arabidopsis six different LOXs are known of which four
possess 13-LOX activity (Andreou et al., 2009; Bannenberg et al., 2009). One of these 13LOXs (AtLOX2) has been shown to be involved in the formation of JA. Co-suppression of
AtLOX2 (Bell et al., 1995) or silencing via a nonsense mutation (Glauser et al., 2009) in the
background of the Columbia (Col) ecotype reduced the wound-induced JA-accumulation.
However, since the Col ecotype is unable to produce GLVs, due to a natural mutation in its
hydroperoxide lyase gene (Duan et al., 2005), the impact of AtLOX2 in the formation of
GLVs has not been studied. Finally, rice possesses at least five different LOXs: while OsHILOX channels 13-HPs specifically to the JA-branch (Zhou et al., 2009), another 9/13-LOX,
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OsLOX1, has been shown to supply both, the JA- as well as the GLV-branch (Wang et al.,
2008).
In Nicotiana attenuata three different LOX isoforms are known. Two of them,
NaLOX2 and NaLOX3, are predicted to function as 13-LOXs and are mainly expressed in
aerial tissues, while NaLOX1 most likely possesses 9-LOX activity and is specifically
expressed in the roots. NaLOX3 has been shown to supply the JA pathway with 13-HPs
(Halitschke and Baldwin, 2003). More recent work has demonstrated that the herbivoreinduced JA burst in N. attenuata requires an increased flux of free linolenic acid (18:3) which
likely results from the activation of a plastidial glycerolipase (GLA1) by N-linolenoylglutamate (18:3-Glu), an abundant fatty acid-amino acid conjugate (FAC) found in insect oral
secretions. Surprisingly, an increase in free 18:3 after elicitation was not detectable suggesting
a tight physical association between GLA1 and LOX3 in N. attenuata leaves (Kallenbach et
al., 2010). Field studies revealed that NaLOX3-dependent induced defenses have a major
influence on the plant’s herbivore load as well as the composition of the herbivore
community. Plants with reduced expression of LOX3 were not only more vulnerable to
herbivores adapted to N. attenuata, they also attracted novel attackers not commonly observed
on WT plants of this species (Kessler et al., 2004).
Here we characterize the LOX2 gene of Nicotiana attenuata by generating stable
transgenic lines with reduced NaLOX2 expression (irlox2). To study which branches of the
oxylipin pathway are supplied with LOX2-derived 13-HPs, we analyzed the GLV release and
the levels of JA and JA-related secondary metabolites in irlox2 plants. By comparing the
oxylipin profiles of irlox2 and NaLOX3-silenced (irlox3) plants, we examined the different
physiological roles that the two LOX isoforms play.

MATERIAL AND METHODS
Growing conditions
We used seeds of the 30st generation of an inbred line of Nicotiana attenuata as the wild-type
genotype in all experiments. The original seeds were collected in 1988 from a natural
population at the DI ranch in southwestern Utah, USA. Seeds were germinated on agar plates
containing Gamborg B5 media (Duchefa, Haarlem, The Netherlands). Plants were grown in
the glasshouse in 1-L individual pots at 26°C to 28°C under 16 h of light as described by
Krügel et al. (2002).
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Plant treatments
All treatments were performed in the glasshouse with plants in the rosette stage of growth.
The first fully elongated (+1 position) leaves were used, unless otherwise noted. Plants were
wounded with a pattern wheel to punch three rows of holes on each side of the midrib. For a
wounding + water (w+w) treatment, 20 µL of deionized water was immediately pipetted onto
the wounded leaf and gently dispersed across the surface with a gloved finger. For a
wounding + oral secretions (w+OS) treatment, 20 µL of Manduca sexta OS (diluted 1:3 in
water, v/v) was applied to the wounds. Samples from untreated plants were used as controls.
We used four to six replicates per genotype and treatment. Except for trapping volatiles,
leaves were excised after specific time periods, flash frozen in liquid nitrogen, and stored at 80°C until use.

Generation of transgenic lines
A 498-bp fragment of the cDNA sequence of NaLOX2 was inserted into the pSOL3
transformation vector and a 467-bp fragment of the cDNA sequence of NaLOX3 was inserted
into the pRESC5 transformation vector, both as an inverted repeat construct driven by the
CaMV 35S promoter (Bubner et al., 2006). Both vectors were transformed into N. attenuata
WT plants using Agrobacterium-tumefaciens-mediated transformation and homozygosity of
T2 plants was determined by screening for resistance to hygromycin (Krügel et al., 2002). The
lines were additionally tested for their ploidy level as described by Bubner et al. (2006). The
number of insertions was determined as described by Berger and Baldwin (2009), by
Southern blot hybridization of genomic DNA using a PCR fragment of the hptII gene as
probe (Figure S2.1). Two T2 lines (52-2 and 67-4) of irlox2 and one line (562-2) of irlox3
were used in all subsequent experiments.
Analysis of silencing construct specificity
Pairwise alignment of the NaLOX3 sequence included in the irlox3 construct (sense and
reverse complement orientation) and the NaLOX2 cDNA and the NaLOX2 sequence of the
irlox2 construct (sense and reverse complement orientation) with the NaLOX3 cDNA were
performed using ClustalX 2.0.7 (http://www.clustal.org; pairwise alignment parameters: slowaccurate; gap opening 15, gap extend 6.66). The resulting alignments were scrutinized for 21nt stretches of sequence identity.
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Volatile collection and analysis
Single leaves (+1 position) were enclosed immediately after treatment between two 50mL
food-quality plastic containers (Huhtamaki, Bad Bertricher, Germany) secured with miniature
claw-style hair clips. Ambient air was pulled through the collection chamber and a glass tube
(ARS, Inc., Gainsville, FL, USA) packed with glass wool and 20mg of Super Q (Alltech,
Düsseldorf, Germany). Airflow was created by a vacuum pump (model DAA-V114-GB; Gast
Mfg; Benton Harbour, MI, USA) as described by Halitschke et al. (2000). SuperQ traps were
eluted with 250 μL dichloromethane into a GC vial containing a glass insert after spiking each
trap with 400 ng tetralin (Sigma-Aldrich, Germany) as an internal standard.
Samples were analyzed on an Agilent 6890N gas chromatograph equipped with an Agilent
7683 autoinjector (Agilent Technologies, Böblingen, Germany) and coupled with a LECO
Pegasus III time-of-flight mass spectrometer with a 4D thermal modulator upgrade (LECO,
Mönchengladbach, Germany) as described by Gaquerel et al. (2009). GLVs were identified
and quantified using standard solutions of (Z)-hex-3-enal, (E)-hex-2-enal, (Z)-hex-3-en-1-ol,
(E)-hex-2-en-1-ol, hexan-1-ol, [(Z)-hex-3-enyl] acetate, [(E)-hex-2-enyl] acetate, [(Z)-hex-3enyl] propanoate, [(Z)-hex-3-enyl] 2-methylpropanoate, hexyl 2-methylpropanoate, [(Z)-hex3-enyl] butanoate, hexyl butanoate, [(E)-hex-2-enyl] butanoate, [(Z)-hex-3-enyl] 2methylbutanoate, [(Z)-hex-3-enyl] (Z)-2-methylbut-2-enoate) (Sigma-Aldrich , Germany) and
[(E)-hex-2-enyl] propanoate (Bedoukian Research Inc, Danbury, USA).
Phytohormone analysis
JA and JA-Ile/Leu levels were measured as previously described by Wang et al. (2007). We
treated two leaves (+1 and +2) per plant and harvested the older leaf (+2) to measure JA and
JA-Ile. The younger leaf was harvested after three days to measure secondary metabolites (see
analysis of secondary metabolites). Ethylene emissions were measured with a laser photoacoustic spectrometer (INVIVO, Sankt Augustin, Germany) as described by von Dahl et al.
(2007). Results were determined by ‘stop-flow’ measurements of single leaves (+1 position)
after wounding and directly treating the wounds with 20 µL of M. sexta OS (n=6; 1:3 diluted)
or 20 µL of N-linolenoyl-L-Glu (18:3-Glu; n=5, 13.8ng/µl in 0.02% tween-20). The amounts
of 18:3-Glu used for this experiment corresponded to the amounts found in M. sexta OS
(Halitschke et al., 2001). Untreated leaves of each genotype served as control. Excised leaves
were transferred to 250 mL cuvettes and ethylene was allowed to accumulate in the headspace
for 5 h. The cuvettes were flushed with a flow of purified air at 130–150 mL min-1, which
afterwards passed through a - 190°C cooling trap to remove CO2 and H2O.
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Analysis of secondary metabolites
Herbivore attack on Nicotiana attenuata rapidly increases the production and accumulation of
two JA-related secondary metabolites; the anti-digestive trypsin proteinase inhibitors (TPI)
and the toxic alkaloid nicotine. Nicotine was analyzed by HPLC as described previously
(Keinanen et al., 2001) with the following modification of the extraction procedure:
approximately 200 mg frozen tissue was homogenized in 1 mL extraction buffer utilizing the
FastPrep® extractions system (Savant Instruments, Holbrook, NY, USA). Samples were
homogenized in FastPrep® tubes containing 900 mg lysing matrix (BIO 101, Vista, CA,
USA) by shaking at 6.0 m sec-1 for 45 seconds. TPI activity was analyzed by a radial
diffusion activity assay as described previously (Van Dam et al., 2001).

Quantitative real-time PCR assay
Total RNA was extracted with TRI Reagent (Sigma-Aldrich, Germany) according to the
manufacturer’s instruction. Reverse transcription of 1 µg of total RNA was performed using
SuperScript II Reverse Transcriptase (Invitrogen, Germany) and a poly-T primer. Quantitative
real-time PCR (ABI PRISM™7000, Applied Biosystems, Foster City, CA, USA and
Stratagene Mx3005P, Waldbronn, Germany) was conducted with 40 ng cDNA using the
qPCR™ core reagent kit (Eurogentec, Köln, Germany) and gene-specific primer pairs for
each individual gene (Table S2.1). The PCR products were detected either by gene-specific
double fluorescent dye-labeled TaqMan® probes (in combination with the ABI
PRISM™7000) or with SYBR Green reactions (qPCR Core Kit for SYBR Green I;
Eurogentec, Köln, Germany; in combination with the Stratagene Mx3005P). For calibration
we used a duplicated dilution series of cDNAs which had been transcribed from induced RNA
samples of the same experiment and calculated the relative transcript abundance by
efficiency-correcting for each primer pair and normalizing to the N. attenuata actin gene
according to Pfaffl et al. (2002). NaLOX3 transcript levels were analyzed with two different
pairs of primers (see Table S2.1), since we changed our qPCR-machine from ABI to
Stratagene and the ABI NaLOX3 primers appeared to not work efficiently on the Stratagene
machine. These two technical changes –different primers and different machines- might also
explain the difference in the amplitude of the NaLOX3 transcript levels. Data from Figure 2.1
were obtained with new pair of LOX3 primers and the new machine; data from Figure 2.2
were obtained with the ABI conditions.
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Statistical analysis
All statistics were done using Excel (Microsoft Corporation, Redmond, Washington, USA),
SPSS 17.0 (SPSS Inc., Chicago, IL, USA), or R (R-Project, http://www.r-project.org). Data
were transformed, if necessary, to meet the requirements for homogeneity of variance. Unless
otherwise stated, data were compared using analysis of variance (ANOVA) followed by a
Scheffé post-hoc test or Student’s t-test.

RESULTS
Generation of transgenic plants with reduced expression levels of LOX2 or LOX3
The LOX2 cDNA of Nicotiana attenuata (NaLOX2) was previously identified in a
flower cDNA library (Halitschke and Baldwin, 2003). In order to investigate the impact of
NaLOX2 on the formation of GLVs we used a 498 bp fragment of the NaLOX2 (nucleotides
809-1306) in an inverted repeat construct to generate stable transgenic lines. Two
independently transformed homozygous irlox2 lines (52-2 and 67-4) were selected and used
for all experiments. These lines had a single T-DNA insertion (Figure S2.1) and showed a
very high silencing efficiency of constitutive NaLOX2 expression (99%), and after wounding
(98%) and treatment of the wounds with water (w+w) or oral secretion (OS) of Manduca
sexta, a specialist herbivore of N. attenuata (w+OS; Figure 2.1a).
In this study we also addressed the different functions of the two 13-LOXs of N.
attenuata, LOX2 and LOX3, by comparing plants that had reduced LOX2 or LOX3 transcript
levels. Plants with reduced expression of LOX3 by means of antisense expression (aslox3)
have been extensively characterized previously (Halitschke and Baldwin, 2003; Kessler et al.,
2004). However, in order to directly compare the phenotypes of LOX2- and LOX3-silenced
plants, we generated plants transformed with an inverted repeat LOX3 construct (467 bp;
nucleotides 509-975). Since we have extensive knowledge about the phenotype of LOX3silenced plants, we used only one irlox3 line in this comparative study. This line (562-2) had
81% and 83% reduced transcript levels after w+w and w+OS treatment, respectively (Figure
2.1b). LOX2 transcript levels were also affected in these plants with a 90% reduction of the
constitutive levels (Figure 2.1a), still significantly less reduction than in irlox2 plants (99%).
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Figure 2.1. Silencing efficiency in irlox2
and irlox3 plants.
Mean (+ SE) relative transcript abundance of
NaLOX2 (A) and NaLOX3 (B) in wild type
(WT), LOX2-silenced (irlox2, 52-2 and 67-4)
and LOX3-silenced (irlox3, 562-2) plants in
untreated (control) leaves and leaves
harvested 14 h (A) or 1 h (B) after w+w and
w+OS treatment (n=4; w+w: wounding +
water; w+OS: wounding + Manduca sexta
oral secretions). Transcripts were analyzed
by qRT-PCR and normalized to an
unregulated reference gene (actin). All data
are expressed relative to the data of the
unelicited WT (WT, control). Asterisks
indicate significant differences from equally
treated WT plants. Statistical analyses were
done for each treatment separate with
genotype as factor (NaLOX2: univariate
ANOVA , control: F3,12 = 41.9, P ≤ 0.001,
w+w: F3,12 = 33.48, p ≤ 0.001, w+OS: F3,12 =
38.47, p ≤ 0.001 followed by a Scheffé posthoc test, p <0.01 (**), p ≤ 0.001 (***).
NaLOX3: univariate ANOVA , control: F3,12
= 22.35, p ≤ 0.001, w+w: F3,12 = 18.74, p ≤
0.001, w+OS: F3,12 = 58.3, p ≤ 0.001
followed by a Scheffé post-hoc test, p ≤
0.001 (***))

NaLOX2 and NaLOX3 have different patterns of expression
To determine the effect of elicitation on the transcript levels of both LOXs, rosette stage
leaves were harvested at different time points from non-wounded (control) and mechanically
wounded WT plants that had been treated with water or M. sexta OS. NaLOX3 transcript
levels peaked 1 h after OS elicitation, with transcript levels approximately two-fold higher
than those in the water-treated leaves. NaLOX2 transcript levels did not increase during the
first hours after elicitation, but, notably, OS-treated plants had lower LOX2 transcript levels
than untreated plants. However, they increased in the evening and peaked after 14 h for both
w+w and w+OS treatments. While in elicited plants the two LOXs had clearly different
expression patterns, with NaLOX3 being induced early and NaLOX2 being induced late after
elicitation, the transcript levels of both LOX isoforms displayed similar diurnal rhythms when
plants were not damaged, starting with relatively low levels in the morning, rising in the
afternoon and returning to initial levels during the night (Figure 2.2).
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Reduced NaLOX2 expression decreases the release of GLVs
To investigate the involvement of NaLOX2 in the release of GLVs, we measured the
wound-induced emission from individual leaves of WT plants and of two irlox2 lines in the
first 20 minutes after elicitation. Both irlox2 lines were greatly impaired in their GLV-release.
While line 1 (52-2) emitted less than 1% of the total GLV release of WT plants after w+w
treatment, line 2 (67-4) emitted 10% of WT emissions (Table 2.1).
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Figure 2.2. Mean (±SE) relative transcript abundance of NaLOX2 and NaLOX3.
Rosette stage leaves (+1 position) were harvested from non-wounded (control) or mechanically
wounded wild type plants that had been treated with either water (w+w) or oral secretions of M.
sexta (w+OS). Individual leaves from five replicate plants per treatment and time point were
harvested at each indicated time after elicitation. The abundance of NaLOX2 (A) and NaLOX3
(B) transcripts were analyzed by qRT-PCR and normalized to an unregulated reference gene
(actin). All data are expressed relative to the data of the unelicited WT at timepoint 0 (WT,
control).Upper panels show the relative transcript levels of each gene in the first 3 h.
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Table 2.1. Reduced green leaf volatile emission in irlox2 plants
RT (s)

volatile release in ng / g fresh mass

class

IUPAC Name

Aldehyde

hexanal

174 1.80

189.33

± 30.92

6.71 ± 1.60

(Z)‐hex‐3‐enal

174 1.93

7547.73 ± 519.58

48.35 ± 30.12

829.03 ± 500.33

(E)‐hex‐2‐enal

246 2.90

1665.11 ± 149.81

n.d.

46.31 ± 30.88

(Z)‐hex‐3‐en‐1‐ol

246 2.58

3072.49 ± 244.74

18.33 ± 7.41

471.09 ± 297.08

(E)‐hex‐2‐en‐1‐ol

270 2.73

1826.68 ± 154.14

n.d.

57.28 ± 39.46

hexan‐1‐ol

276 2.56

287.54

± 28.87

4.18 ± 0.65

Hexenylester [(Z)‐hex‐3‐enyl] acetate

570 2.89

97.53

± 10.66

n.d.

[(E)‐hex‐2‐enyl] acetate

594 2.95

41.39

±

4.94

n.d.

[(Z)‐hex‐3‐enyl] propanoate

756 2.78

20.56

±

3.39

n.d.

[(E)‐hex‐2‐enyl] propanoate

774 2.82

7.19

±

0.93

n.d.

n.d.

[(Z)‐hex‐3‐enyl] 2‐methylpropanoate

834 2.56

186.67

± 14.96

n.d.

45.68 ± 29.59

hexyl 2‐methylpropanoate

840 2.41

7.43

±

0.55

n.d.

n.d.

Alcohol

RT1

RT2

WT

irlox2 (52‐2)

irlox2 (67‐4)
5.90

±

1.88

13.90 ±

7.47

9.89

5.92

±
n.d.

4.15

±

2.98

[(Z)‐hex‐3‐enyl] butanoate

912 2.64

285.75

± 31.84

n.d.

43.05 ± 26.58

hexyl butanoate

918 2.51

4.70

±

2.99

n.d.

n.d.

[(E)‐hex‐2‐enyl] butanoate

930 2.70

47.51

±

6.65

n.d.

1.82

±

1.13

[(Z)‐hex‐3‐enyl] 2‐methylbutanoate

990 2.51

37.20

±

2.43

n.d.

8.62

±

5.43

[(Z)‐hex‐3‐enyl] (Z)‐2‐methylbut‐2‐enoate 1140 2.92

13.21

±

3.94

n.d.

8.54

±

6.52

Mean (± SE, n=5) release of GLVs in wild type (WT) plants and two independently transformed
irlox2 lines (52-2 and 67-4). A single leaf (+1 position) of each rosette stage plant was
mechanically wounded and treated with water. Plant volatiles were collected as described in
Halitschke et al. (2000) the first 20 min after elicitation and samples were analyzed by GCxGCToF MS (Gaquerel et al 2009). Two-dimensional separations were attained using an RTX-5MS
column (RT1) followed by a DB-17 column (RT2). Volatiles are listed by chemical classes with
their retention times on the first and second dimension (RT1 and RT2). (n.d. = not detected)

In an additional experiment, we collected and compared the volatiles from single
leaves of WT and irlox2 (52-2) plants with those of irlox3 (562-2) plants after w+w or w+OS
elicitation. This experiment confirmed the results we previously obtained from irlox2 plants.
While irlox2 plants emitted almost no GLVs, independent of the treatment, the woundinduced release of irlox3 plants did not differ from the WT (Figure 2.3a). However, when OS
was applied to the wounds instead of water, irlox3 plants had the tendency to release less
GLVs than WT plants. Since the pattern of release was similar for all GLVs, only the data for
(Z)-hex-3-enol are presented (Figure 2.3).

Reduced NaLOX2 expression does not impair JA and JA-Ile accumulation
NaLOX3 supplies 13-HPs to the JA-pathway (Halitschke and Baldwin, 2003), but it is
not known whether NaLOX2 additionally contributes to JA biosynthesis. To study the impact
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of the two different LOX isoforms in the formation of JA we measured the basal and induced
levels of JA and JA-Ile/Leu in WT and irlox2 (52-2 and 67-4) plants, and in a separate
experiment in WT and irlox3 (562-2) plants. Leaves of WT and irlox2 plants accumulated
similar amounts of JA and JA-Ile/Leu in unelicited as well as elicited plants (Figure 2.4a, c).
In contrast, wound induced JA concentrations were significantly reduced (41 % less) in irlox3
plants and this reduction became even more pronounced after wounds were additionally
treated with M. sexta OS (64% less). The basal JA levels of irlox3 plants did not differ from
the WT (Figure 2.4b). This is in accordance with previous data obtained from aslox plants
(Halitschke and Baldwin, 2003) showing a significant reduction of JA accumulation in three
independently silenced lines after w+w and w+OS treatment. Plants with reduced levels of
LOX3 were not only impaired in their JA biosynthesis but also accumulated significantly less
JA-Ile/Leu after w+OS treatment whereas wounded and unwounded irlox3 plants were not
different from WT plants (Figure 2.4d). Although the absolute levels of JA-Ile/Leu in WT
plants differed between the two experiments, the results demonstrate that the levels were
reduced in irlox3 but not irlox2 plants.
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Figure 2.3. Silencing NaLOX2, but not NaLOX3 reduces elicited GLV emissions.
Mean (+ SE) release of (Z)-hex-3-en-1-ol in wild type (WT) compared to LOX-silenced plants
(irlox2 and irlox3). A single leaf (+1 position) of each plant was mechanically wounded and
treated with either water (w+w; A) or OS of M. sexta (w+OS; B). Plant volatiles were trapped
the first 20 minutes after elicitation. Asterisks indicate significant differences from WT plants
(univariate ANOVA, w+w: F2,11 = 74.76, p ≤ 0.001 and w+OS: F2,12 = 71.77, p ≤ 0.001,
followed by a Scheffé post-hoc test, p ≤ 0.001 (***)).
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JA-mediated defense metabolites are not dependent on NaLOX2 expression
Herbivore-induced TPI activity as well as nicotine accumulation in leaves of N. attenuata are
known to be JA-mediated. The induced increase of both metabolites occurs much slower than
the upstream accumulation of JA (Baldwin, 1999; Van Dam et al., 2001). Leaf material was
thus harvested 3 days after elicitation from WT and irlox2 (52-2 and 67-4) plants and in a
separate experiment from WT and irlox3 (562-2) plants. Both, TPI activity and nicotine levels
did not differ between WT and irlox2 plants except for a small but significant decrease in TPI
activity in line 67-4 after w+w treatment (Figure 2.5a, c). In irlox3 plants, however, not only
the basal and induced levels of TPI activity but also the OS-induced nicotine accumulation
was significantly lower than in WT plants (Figure 2.5b, d).

irlox3, but not irlox2 plants have reduced OS-elicited ethylene emissions
Herbivore attack or the application of M. sexta OS elicits an ethylene burst in
N. attenuata. It has been shown that FACs are the active components in the OS causing the
ethylene burst (von Dahl et al., 2007).
We measured the accumulated ethylene emissions from single leaves of WT and
irlox2 (52-2 and 67-4) 5 h after OS treatment with a laser photo-acoustic spectrometer. No
differences were observed between the two irlox2 lines and WT plants (Figure 2.6a). In an
additional experiment we compared WT and irlox2 (52-2) with irlox3 (562-4) plants for their
ability to emit ethylene in the first 5 h after treating an individual leaf of each plant with the
most abundant FAC in OS of M. sexta, 18:3-Glu (Halitschke et al., 2001). Again, ethylene
emissions from irlox2 plants were similar to the emissions from WT plants. However, in
irlox3 plants ethylene emissions were significantly reduced by 36% (Figure 2.6b).

DISCUSSION
This study demonstrates the two different LOX isoforms of N. attenuata, NaLOX2 and
NaLOX3, channel 13-HPs into two distinct branches of the oxylipin pathway, which have
different functions in plant defense. By using stable transgenic plants with reduced expression
levels of either NaLOX2 or NaLOX3 we showed that irlox3 plants were heavily impaired in
their JA-related direct defense metabolism, but released GLVs in amounts comparable to
those released from WT plants, while irlox2 plants released hardly any GLVs, but elicited WT
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levels of direct defenses. Taken together, our data show that the induction of GLV emissions
and JA-related direct defenses are separated by the action of different LOXs.
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Figure 2.4. Basal and induced mean levels of jasmonic acid (JA) and jasmonic acidisoleucin/Leucin (JA-Ile/Leu) in WT and LOX-silenced plants reveals that only the
silencing of NaLOX3 results in dramatic reductions of OS-elicited JA and JA-Ile.
Rosette stage leaves (+2 position) were harvested from non-wounded (control) plants or from
mechanically wounded plants that had been treated with either water (w+w) or oral secretions of
M. sexta (w+OS). Tissues were harvested 45min after elicitation. Asterisks indicate significant
differences from equally treated WT plants. Statistical analyses were done for each treatment
separate with genotype as factor. A, Mean (+SE) JA accumulation in WT plants and plants from
two independently silenced irlox2 lines (52-2 and 67-4), (univariate ANOVA, control:
F2,12=0.35, p=0.711, w+w: F2,12=3.66, p=0.058, w+OS: F2,12=1.79, p=0.208). B, Mean (+SE) JA
accumulation in WT and irlox3 plants (Student’s t-test, control: t8=1.52, p=0.166, w+w: t8=2.45, p<0.05 (*), w+OS: t8=-4.67, p≤0.001 (***)). C, Mean (+SE) JA-Ile/Leu accumulation in
WT plants and plants from two irlox2 lines. (univariate ANOVA, control: F2,12=5.29, p<0.05
(*), followed by a Scheffé post-hoc test, p<0.05, w+w: F2,12=0.09, p=0.912, w+OS: F2,12=1.53,
p=0.257). D, Mean (+SE) JA-Ile/Leu accumulation in WT and irlox3 plants (Student’s t-test,
control: t8=-0.29, p=0.776, w+w: t8=-1.50, p=0.171, w+OS: t10=-3.68, p<0.01(**)).
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The different functions of the two LOXs were already suggested by Porta et al. (2008)
as their phylogenetic analyses revealed that NaLOX3 grouped in a clade with LOXs that had
previously been reported to be involved in the JA biosynthesis while NaLOX2 clustered with
LOXs known to supply the GLV pathway. Most research has focused on the function of 13LOX in JA biosynthesis and signal transduction and this function has been described for
several plant species including potato (Royo et al., 1999), tomato (Heitz et al., 1997),
Arabidopsis (Bell et al., 1995; Glauser et al., 2009), rice (Zhou et al., 2009), maize (Acosta et
al., 2009), and the wild tobacco N. attenuata (Halitschke and Baldwin, 2003 and this study).
In tomato plants the involvement of TomLOXD in the JA-pathway was inferred from the
temporal patterns of transcript accumulation and of JA-related defenses, but in N. attenuata,
rice and Arabidopsis such reduced LOX expression could be directly linked to reduced levels
of JA. Interestingly, in potato plants, reduced expression of LOX-H3 did not lead to a
reduction of JA but only to a reduced activity of proteinase inhibitors (PIs). Clearly, NaLOX3
homologs are conserved players in plant direct defenses but the observed expression patterns
and their implications for the spatial and temporal accumulation of its downstream
phytohormone products seem to vary among different plant species.
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LOXs that are involved in the production of GLVs have received less attention. Two
close homologs of NaLOX2, potato LOX-H1 (Leon et al., 2002) and tomato TomLOXC
(Chen et al., 2004), have been shown to deliver 13-HPs to the GLV pathway. However, the
specificity of 13-HP supply by these LOXs to the GLV and JA pathway remain unclear: while
JA levels and downstream metabolites were not analyzed in plants with reduced TomLOXC
expression, silencing of the two potato LOXs (H1 and H3) did not affect JA levels, indicating
redundancy or the existence of additional LOX isoforms responsible for JA biosynthesis in
potato. This suggests that LOX genes may have acquired slightly different roles in the
oxylipin metabolism of different plant species.
Our results, although clearly showing pathway specificity of the two different LOXs
in N. attenuata, suggest that the two pathways are not completely independent of each other.
Irlox3 plants had not only decreased LOX3 but also LOX2 transcript levels (Figure 2.1).
However, this ‘co-suppression’ of LOX2 expression in irlox3 plants resulting in a 90%
reduction of the constitutive LOX2 transcript levels did not lead to a decrease in woundinduced GLV emissions (Figure 2.3a), while a 99% reduction in the constitutive LOX2
transcript levels of the irlox2 lines (Figure 2.1) were sufficient to almost abolish the GLV
emissions in these plants (Table 2.1 and Figure 2.3). Constitutive expression of LOX2, a late
inducer (Figure 2.2), seems to be much higher than that of LOX3, an early inducer (Figure
2.2) since the Ct values in our Q-RT-PCR experiments were much lower (approx. six cycles)
for LOX2 (data not shown). It thus seems that a very high reduction of LOX2 expression is
necessary to diminish GLV emission. In any case, alignments of both LOXs revealed very
little sequence similarity between the LOX3 silencing construct and the LOX2 sequence.

Figure 2.5. Trypsin protease inhibitor (TPI) activity and nicotine concentration in WT
and LOX-silenced plants reveals that only the silencing of NaLOX3 results in defense
metabolite reductions.
Rosette stage leaves (+1 position) were harvested from non-wounded (control) plants or
from mechanically wounded plants that had been treated with either water (w+w) or OS of
M. sexta (w+OS). Tissues were harvested three days after elicitation. Nicotine was only
measured in OS-elicited leaves. Asterisks indicate significant differences from equally
treated wild type plants. Statistical analyses were done for each treatment separate with
genotype as factor. A, Mean (+SE) TPI activity in WT and irlox2 (52-2 and 67-4) plants
(univariate ANOVA, control: F2,12=2.95, p=0.091, w+w:F2,12=4.57, p<0.05, followed by a
Tukey post-hoc test, p<0,05 (*), w+OS: F2,12=1.87, p=0.196). B, Mean (+SE) TPI activity
in WT and irlox3 (562-2) plants (t-test, control: t8=-3.21, p<0.05 (*), w+w: t8=-7.34,
p≤0.001 (***), w+OS: t10=-5.23, p≤0.001 (***)). C, Mean (+ SE) nicotine levels in OSelicited WT and irlox2 (52-2 and 67-4) plants. (univariate ANOVA, F2,12=0.65, p=0.539).
D, Mean (+ SE) nicotine levels in WT and irlox3 (562-2) plants (t-test, t10=-2.88, p<0.05
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Aligning the NaLOX2 cDNA against the reverse complement strand of the NaLOX3 cDNA
sequence used for the irlox3 construct, revealed only 60% homology but at least one
homology stretch of 26bp which included two mismatches (Figure S2.2a; nucleotides 725750 of NaLOX2). Similar effects have been observed in potato where LOX H1-depleted plants
also had reduced LOX H3 transcript levels (Leon et al., 2002). The authors argued that,
although LOX H3 transcript levels were lower than in the WT, the fold-induction of LOX H3
transcripts after elicitation was the same due to already decreased basal transcript levels. From
this, the authors inferred that the kinetics of up- and down regulation, rather than absolute
transcript levels, determined the effects on defense gene expression. Moreover, in a different
study, plants with reduced LOX H3 expression exhibited decreased levels of LOX H1 as well.
However, the decrease in transcript levels was not accompanied by a decrease in LOX H1
protein levels, suggesting a low rate of LOX H1 protein turnover (Royo et al., 1999). Clearly
much remains to be learned about how fold-induction and absolute expression levels
differentially contribute to changes in metabolite levels. In our study, although NaLOX2
transcript levels were reduced in both, irlox2 and irlox3 plants, the specific impact on the
plant’s metabolic phenotype remained distinct between the two genotypes. Whatever the
cause of the reduced NaLOX2 expression in irlox3 plants - the level of suppression of nontarget LOX genes via post transcriptional gene silencing (Stam et al., 1997), ir-RNA-mediated
chromatin silencing (Matzke and Birchler, 2005) of endogenous LOX gene sequences and/or
transcriptional feedback regulation via changes in JA metabolism (Paschold et al., 2008) – it
did not lead to a significant decrease in GLV emissions. However, we cannot exclude minor
quantitative effects of these two genes on each other’s downstream phenotypes in WT plants.
Our data shows that the supply of 13-HPs by NaLOX2 is required for GLV release in
N. attenuata. A 98% decrease in the LOX2 transcript levels after w+w treatment reduced GLV
emissions by 99 and 90% in line 52-2 and 67-4, respectively (Table 2.1 and Figure 2.1). This
reduction in GLV emissions clearly resulted from reduced NaLOX2 transcript level. NaHPL
transcript levels did not differ between irlox2 and WT plants (Figure S2.3). However, in WT
plants LOX2 transcript levels do not immediately increase after elicitation (Figure 2.2), while
GLV release clearly does (Table 2.1). This phenomenon of a time delay in peak transcript
levels is often seen for genes encoding enzymes of secondary metabolism. For example, while
the emission of (Z)-3-hexenyl acetate from mechanically wounded Arabidopsis plants peaked
between 4.5 and 5.5 min after wounding the levels of acetyl CoA:(Z)-3-hexenol
acetyltransferase transcripts and enzymatic activity showed no increase in this time frame, but
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instead increased much more slowly, attaining maximum values 3 h (transcript) and 6–12 h
(enzyme activity) after damage was inflicted (D'Auria et al., 2007). Therefore, the GLVs
emitted from the leaves in the first 20 min after damage must be synthesized by the LOX2
protein already present in the leaf prior to injury. The impaired release of GLVs after
elicitation in irlox2 plants could thus result from reduced constitutive levels of LOX2 protein,
implying that the initial GLV release in WT plants results from constitutive levels of LOX2, a
hypothesis that needs to be tested by measuring protein levels. Similar expression patterns
have been reported from potato where Leon and coworkers (2002) reported maximum
transcript levels of LOX H1 24 h after elicitation. Similar associations are found with JA
accumulations and NaLOX3 expression after elicitation, where the initial JA-accumulation is
thought to result from pre-existing pools of enzymes and/or substrates (Ziegler et al., 2001).
Recently we obtained evidence that flux of 18:3 substrates is the rate limiting step in JA
biosynthesis (Kallenbach et al., 2010). If so, absolute expression levels of NaLOX3 may
determine the strength of the early response while changes occurring after elicitation
determine if these responses are subsequently regulated.

Figure 2.6. Ethylene emissions in WT
and LOX-silenced plants reveals the
influence of NaLOX3 silencing.
Ethylene emissions were determined by
‘stop-flow’ measurements, of single
leaves (+1 position) after wounding and
treatment of the wounds immediately
with (A) M. sexta oral secretions (OS), or
(B)
N-linolenoyl-I-Glu
(18:3-Glu).
Untreated leaves of each genotype served
as control. Asterisks indicate significant
differences from equally treated WT
plants. Statistical analyses were done for
each treatment separate with genotype as
factor. A, Mean (+SE) ethylene
emissions in WT and irlox2 (52-2 and
67-4) plants (univariate ANOVA,
control: F2,15=0.13, p=0.883, w+OS:
F2,15=1.47, p=0.262). B, Mean (+SE)
ethylene emissions of WT, irlox2 (52-2)
and irlox3 (562-2) plants. (univariate
ANOVA, control: F2,12=0.06, p=0.942,
w+18:3-Glu:
F2,12=12.56,
p<0.01,
followed by a Scheffé post-hoc test,
p<0.01 (**))
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While the GLV emission of mechanically wounded irlox3 plants did not differ from
that of WT (Halitschke and Baldwin, 2003 and Figure 2.3a), irlox3 plants emitted
consistently, but not significantly, less GLVs when M. sexta OS was applied to the wounds.
We propose that this persistent trend in decreased GLV emission resulted from a signaling
(JA-mediated) rather than a flux based (13-HP-mediated) interaction. It is well known that
application of OS leads to an amplification of the wound-induced JA-burst in N. attenuata
(Halitschke et al., 2001 and Figure 2.4) and that accumulation of JA and its amino acidconjugates is essential for a wide range of defense responses in plants (Wang et al., 2008). In
fact, constitutive and induced NaHPL transcript levels were substantially decreased in irlox3
compared to WT plants (Figure S2.3). Microarray analyses revealed that not only silencing
NaLOX3 (Halitschke and Baldwin, 2003) but also silencing of NaAOS (Halitschke et al.,
2004) reduced expression levels of HPL. Since the flux of 13-HPs into the GLV-pathway
appeared to increase rather than decrease in AOS-silenced plants, it is likely that the reduced
HPL transcript levels were due to a decrease in the JA-accumulation, which is known to feedback regulate other oxylipin pathway genes as well. If so, regulation of HPL expression may
be regulated by JA levels but not by flux into the pathway. We therefore propose that JA not
only acts as a regulator of transcript accumulation but also as a regulator of enzyme activity.
If so, the loss of the OS-induced JA-amplification in irlox3 plants could be responsible for the
lower levels of GLVs.
In conclusion, our data show that JA-responses and GLV emission are separated by at
least the function of two distinct LOXs in N. attenuata, enabling the plant to regulate these
processes relatively independently. However, LOX3-dependent JA production exhibits some
feedback control over the LOX2-dependent GLV emission although not likely via regulating
induced gene expression.

Sequence data from this article can be found in the GenBank/EMBL data libraries under
accession numbers: NaLOX2 (AY254348), NaLOX3 (AY254349), NaActin (EU273278) and
NaHPL (AJ414400).
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SUPPORTING INFORMATION
Table S2.1. Primer and Probe sequences used for qRT-PCR
Gene

Forward Primer (5’‐3’)

Reverse Primer (5’‐3’)

NaLOX2

TTAGTAGAAAATGAGCACCACAAGG

NaLOX3

GGCAGTGAAATTCAAAGTAAGAGC

NaLOX3

GAATTTGAGAACAAGGAGAGTACTG

NaActin

GGTCGTACCACCGGTATTGTG

GTCAAGACGGAGAATGGCATG

NaHPL

CACTTAGACTTAGTCCACCTGTGC

AACACAAACTTTTCAGGATCATCA

Taqman ® Probe (5’‐3’)

TTGCACTTGGTGTTTGAGATGGTA

(1)

(2)

CCCAAAATTTGAATCCACAACA

TGGCTTTCCCCATGGCAAAGTTCA

(1)

CTTAACAATTGTTTCCTTCAGATCTTCC

X

CAGTGAGGAACAAGAACAAGGAAGATCTGAAG
(2)

X
TCAGCCACACCGTCCCAATTTATGAGG

(1)

This NaLOX3 primer pair was only used in combination with the NaLOX3 Taqman probe and the
ABI PRISM™7000
(2)
This NaLOX3 primer pair was only used for SYBR Green Assays with the Stratgene Mx3005P

Figure S2.1: Verification of transgene
insertion by Southern blot analyses.
Genomic DNA of WT and two irlox2
lines, 52-2 and 67-4, and one irlox3 line,
562-2, were digested with Xbal (A) or
with EcoRI (B).These enzymes were
choosen, because both constructs harbor
only a single restriction side for each
enzyme . The blot was hybridized with a
32
P-labeled probe specific for the
hygromycin phosphotransferase gene
hptII.
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A

NaLOX2 versus LOX3 PCR product in reverse complement direction: 60% homology

B

NaLOX3 versus LOX2 PCR product in sense direction: 53% homology

Figure S2.2. Alignment of N. attenuata cDNA sequences and silencing constructs. Searches
for 21-nt identity stretches between the NaLOX2 cDNA and the LOX3-PCR product
(LOX3_PCR) used to create the irlox3 construct (A), as well as between the NaLOX3 cDNA
and the LOX2-PCR product (LOX2_PCR) used to create the irlox2 construct (B), were
performed after aligning sequences using ClustalX (http://www.clustal.org/). The searches were
done with LOX-PCR-products, in sense and reverse complement direction, but only those with
the highest homology are displayed. (Rev.Compl, Reverse Complement)
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Figure S2.3. NaHPL transcript abundance in irlox2 and irlox3 plants. Mean (+ SE) relative
transcript abundance of NaHPL in (A) untreated (control), (B) w+w treated, and (C) w+OS
treated leaves of WT, irlox2 (52-2 and 67-4) and irlox3 (562-2) plants. Relative transcripts were
analyzed by qRT-PCR and normalized to an unregulated reference gene (actin). All data are
expressed relative to the data of the unelicited WT (WT, control). Asterisks indicate significant
differences from equally treated WT plants. Statistical analyses were done for each treatment
and timepoint separate with genotype as factor (univariate ANOVA , control: F3,12 = 6.12, p <
0.01, followed by a Scheffé post-hoc test, p < 0.05 (*); w + water: 1h: F3,12 = 1.42, p = 0.286,
14h: F3,12 = 16.53, p ≤ 0.001, followed by a Scheffé post-hoc test, p ≤ 0.001 (***); w + OS: 1h:
F3,12 = 1.97, p = 0.173, 14h: F3,12 = 6.71, p < 0.01, followed by a Scheffé post-hoc test, p < 0.05
(*)).
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CHAPTER 3
ABSTRACT
Plants emit green leaf volatiles (GLVs) in response to herbivore damage, thereby
attracting predators of the herbivores as part of an indirect defense. The GLV
component of this indirect defense was thought to be a general wound signal
lacking herbivore-specific information. We found that Manduca sexta–infested
Nicotiana attenuata attract the generalist hemipteran predator Geocoris spp. as the
result of an herbivore-induced decrease in the (Z)/(E) ratio of released GLVs, and
that these changes in the volatile bouquet triple the foraging efficiency of
predators in nature. These (E)-isomers are produced from plant-derived (Z)isomers but are converted by a heat-labile constituent of herbivore oral secretions.
Hence, attacking herbivores initiate the release of an indirect defense a full day
before the attacked plants manufacture their own defensive compounds.

Image description front page
Upper left panel: Close-up of an adult ‘big-eyed bug’ (Geocoris spp.) which is a generalist predator feeding on
Manduca eggs and early larval instars. Image courtesy of Matthey Film.
Upper right panel: egg predation set-up in the field: eggs are glued on the underside of a leaf and scents are
smeared onto a cotton swab which is placed close to the leaf. Image courtesy of D. Kessler.
Lower left panel: Second instar M. sexta caterpillar on a N. attenuata leaf. Image courtesy of A.P. van Doorn.
Lower right panel: A first instar caterpillar is attacked by an adult generalist predator who tries to pierce with its
stylet into the rear end of the caterpillar. Image courtesy of Matthey Film.
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Plants defend themselves against herbivore attack by producing chemical and physical
defenses that decrease herbivore performance, but they also release distinct volatile bouquets
when attacked. These herbivore induced plant volatiles (HIPVs) can function as indirect
defenses by attracting carnivores. Although the attraction of natural enemies to HIPVs has
frequently been observed in laboratory studies (1), few studies have demonstrated that HIPVs
attract carnivores in nature (1–3).
Elicitors in herbivore oral secretions introduced into plant wounds during feeding (4–
6), as well as the rhythm of caterpillar feeding (7), provide the plant with the information
required to activate herbivore-specific defenses, including the release of specific volatiles.
The composition of the HIPV blend can differ among plant and herbivore species, abiotic
conditions, and over time (2, 8–10). HIPVs have several different metabolic origins, of which
the isoprene-derived terpenoids and fatty acid–derived green leaf volatiles (GLVs) are the
best-studied classes. Terpenoids are released with a delay from the whole plant, not just
attacked leaves, after a few hours or with the plant’s next photosynthetic phase (i.e., often a
day after the start of herbivore attack) (11–13). Because of their delayed, systemic release, the
terpenoids likely function in the long distance attraction of carnivores. GLVs - which consist
of six-carbon aldehydes, alcohols, and their esters - are, unlike terpenoids, immediately and
likely passively released from wounded leaves (11, 14). Consequently, GLVs likely provide
rapid, but nonspecific information about the exact location of a feeding herbivore. GLVs were
shown to play a role in host-location of predators and parasitic wasps (15–17). Although
changes in constitutive GLV ratios can alter the ability of herbivores to locate their host (18),
the degree to which natural enemies use induced GLVs to find plants with prey remains
unclear (19, 20).
The GLV blend of mechanically wounded Nicotiana attenuata plants contains large
amounts of (Z)-GLVs and proportionally smaller amounts of (E)-GLVs (fig. 3.1). These
different isomers result from rearrangements of the double bonds. However, plants that had
been attacked for 24 hours by 1, 5, or 10 Manduca sexta neonates, a specialist herbivore of
this native tobacco, released (Z)- and (E)-isomers in nearly equal amounts (fig. 3.1A) (21).
We compared changes in the (Z)/(E) ratio of GLVs released from mechanically wounded
leaves of which the wounds were treated with water (w + w) or M. sexta oral secretions (OS)
(w + OS; fig. S3.1) (22). We found that w + w–treated plants emitted high levels of (Z)-GLVs
and low levels of (E)-GLVs, whereas treating wounds with M. sexta OS decreased emissions
of (Z)-GLVs and increased those of (E)-GLVs, resulting in a distinct change in the (Z)/(E)
ratio (fig. 3.1, B and C, and table S3.1). To determine whether the OS-elicited (Z)/(E) shift is
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a transient response, we monitored the GLV bouquet for several hours after a single
elicitation. Although the GLV burst occurred immediately after a single wounding and
vanished after a few hours (fig. S3.2A), the OS-elicited changes in the (Z)/(E) ratio persisted
for the duration of the GLV burst (fig. S3.2B).
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Fig. 3.1. Herbivory and the application of Manduca sexta’s oral secretions to the wounds of
wild-type Nicotiana attenuata plants lead to a marked change in GLV emissions. (A) Mean
(Z)/(E) ratios, with 95% confidence limits, of N. attenuata plants attacked by 1, 5, or 10 M.
sexta neonates (22); CP, caterpillar. (B) Wounded plants release GLVs with a high (Z)/(E) ratio,
whereas OS-elicited plants emit a GLV bouquet with a much lower ratio (22). Bars represent
the average ratio (n = 5) and their 95% confidence limits. (C) Mean (+ SE) release of GLVs in
w + w–treated and w + OS–treated plants in the first 20 min after elicitation (n = 5). Values are
indicated in ng g FW−1 20 min−1. LOX2, lipoxygenase 2; HPL, hydroperoxide lyase; ADH,
alcohol dehydrogenase; AAT, alcohol acetyltransferase; 13-HPs, 13-hydroperoxides.
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Saliva or OS from herbivores can elicit specific responses in a plant, and two main
classes of endogenously produced elicitors have been characterized in lepidopteran larvae:
fatty acid–amino acid conjugates (FACs) and enzymes such as β-glucosidase and glucose
oxidase (6). In addition, OS contain elicitors of plant origin, such as inceptins, which are
processed in the oral cavity and reintroduced into the plant during feeding (6). FACs are
central elicitors in M. sexta’s OS. In N. attenuata they amplify the wound-induced bursts of
the phytohormones, jasmonic acid (JA), and ethylene as well as the release of the
sesquiterpene (E)-α-bergamotene (5, 6). We trapped volatiles from plants that had been
wounded and treated with the two most abundant FACs in M. sexta’s OS: N-linolenoylglutamate (18:3-Glu) or N-linolenoyl-glutamine (18:3-Gln) (5). Neither of the two elicited the
OS-induced change in the (Z)/(E) ratio (fig. S3D). Because the alkaline pH of M. sexta OS
(pH = 9) elicits the release of methanol during herbivory by activating pectin methyl esterases
in leaves (23), we tested the influence of pH on the GLV emissions. In theory, alkaline
conditions could convert the relatively unstable (Z)-hex-3-enal into its more stable (E)-isomer,
(E)-hex-2-enal. However, an alkaline buffer (0.1MTris, pH 9, in 0.02%Tween-20) equal to
the pH of M. sexta OS sufficient to elicit the methanol release did not change the (Z)/(E) ratio
relative to w + w–treated plants when applied to puncture wounds (fig. S3.3, A and B). FACs
are relatively heat-stable compounds, and heating OS to 90°C for 10 min did not reduce the
concentration of FACs in OS (fig. S3.3, E and F). However, heated OS no longer elicited the
shift in the (Z)/(E) ratio (fig. S3.3C). Therefore, we conclude that FACs are not involved, but
that a heat labile elicitor of M. sexta’s OS directly converts (Z)- into (E)-GLVs or indirectly
activates an isomerase in the plant. Additional tests revealed that the M. sexta OS-mediated
(Z)/(E) shift is independent of the plant’s JA, salicylic acid, and ethylene-dependent defense
signaling pathways (fig. S3.4 and tables S3.2 and S3.3) (22).
To determine whether the OS elicitor responsible for the (Z)/(E) shift functions
directly as an isomerase, we added (Z)-hex-3-enal to M. sexta’s OS in an in vitro system and
quantified the conversion to (E)-hex-2-enal. More than 50% of the added (Z)-hex-3-enal was
converted, which did not occur when water or heated OS were used as the converting solution
and only slightly with an alkaline buffer (Fig. 3.2). Additionally, we tested two OS-derived
enzymes, glucose oxidase and β-glucosidase, both of which elicit specific responses in plants
(6). However, these enzymes did not increase the release of (E)-hex-2-enal. Bovine serum
albumin (BSA) has lipophilic properties and increased the isomerization of cis- to trans-JA
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when added to plant cell cultures (23). However, BSA had no effect on the (Z) to (E)
conversion of leaf aldehydes (fig. S3.5).
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Fig. 3.2. Percentage conversion to (E)-hex-2-enal in vitro (n = 6; light gray bars) and in vivo (n
= 6;dark gray bars) (Fig. 3.1) (22). Asterisks indicate significant differences from the control
treatment (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001); univariate analysis of variance, F6,37 = 99.957,
P ≤ 0.001, followed by a Tamhane post hoc test; oral secretions (OS), P ≤ 0.001; OS from
artificial diet–fed caterpillars (OSAD), P ≤ 0.001; OS heated to 90°C for 10 min (OSboiled), P =
0.051; 1× buffer (pH 9), P ≤ 0.05; leaf juice (LJ), P = 1.000; LJ + OS, P ≤ 0.01; the control was
0.02% Tween-20 (22).

An (3Z):(2E)-enal isomerase that converts the (Z)-aldehyde to its (E) isomer has been
proposed for several plant species; (3Z):(2E)-enal isomerase activity has been found in crude
extracts of alfalfa and soybean (25, 26). However, we showed that a plant-derived isomerase
was not responsible for the (Z) to (E) conversion of leaf aldehydes, but an unknown OSderived, heat-unstable compound was necessary and sufficient for the conversion. The
addition of crude leaf extract did not increase the conversion rate, and OS from caterpillars
never fed on leaf material, but only on an artificial diet (22), converted (Z)- aldehydes to (E)aldehydes as efficiently as OS from plant-fed caterpillars (Fig. 3.2). The observed (Z) to (E)
conversion also appears to be species specific, as the OS from two other generalist
lepidopteran species (Spodoptera exigua and S. littoralis) that can feed on N. attenuata were
not nearly as active as the OS from M. sexta larvae (fig. S3.6).
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Whether this herbivory-specific change is relevant for tritrophic interactions hinges on
whether carnivores can use these isomeric changes to augment their prey-hunting abilities.
Insects are known to distinguish different isomeric forms of volatiles (27, 28) and two
structural isomers elicit responses in distinct antennal olfactory receptor neurons (29).
Geocoris spp. are generalist predators feeding on eggs and early larval instars of M. sexta.
They use individual HIPVs, including terpenoids and GLVs, to locate their prey on herbivoreattacked plants (3, 16). We tested whether Geocoris could distinguish between (Z)- and (E)GLVs, and used the changes in the (Z)/(E) ratio to discriminate between an herbivore attacked
and a mechanically wounded N. attenuata plant in nature.
We created two mixtures (A and B) in lanolin containing either (Z)- or (E)-GLVs (30).
We also created GLV mixtures to mimic the GLV emissions of w + w–treated or w + OS–
treated plants. To do so, we combined both isomeric alcohols and hexenyl esters (table S3.5,
C and D) or all eight GLVs used for mix A and B (table S3.5, E and F) and added different
amounts of each isomer to mimic the 1:1 (Z)/(E) ratio released by OS-elicited plants or the 9:1
ratio to mimic mechanically wounded plants.
We tested the attractiveness of these mixtures to Geocoris spp. in a native N. attenuata
population in the Great Basin desert of southwest Utah by gluing three M. sexta eggs per plant
to the underside of a lower stem leaf of 21 pairs of plants, as described (3). Plants were of the
same size and developmental stage. Developmental stage did not influence the OS-induced
(Z)/(E) shift (fig. S3.7) (22). On each day, two different mixes were tested by dipping a cotton
swab into lanolin paste containing different GLV mixes and placing them immediately
adjacent to the leaf with the M. sexta eggs.
Predated eggs were counted after 12 and 24 hours. We started with mixes that
contained either (Z)- or (E)-GLVs (table S3.5,mixes A and B) and Geocoris spp. showed a
clear preference for those scented with the (E)-GLVs. Whereas 8% of the (Z)-baited eggs
were predated, 24% of the (E)-baited eggs were predated (fig. S3.9). These results
demonstrated that Geocoris may distinguish between (Z)- and (E)-GLVs. We tested GLV
mixes that consisted of both isomers (table S3.5C versus S3.5D; table S3.5E versus S3.5F)
in different ratios to determine whether Geocoris detected changes in the (Z)/(E) ratio similar
to those of OS-elicited plants. In both experiments, predation rates were higher on plants
scented with equal amounts of (Z)- and (E)-GLVs [(Z)/(E) = 1:1] relative to those scented
with a 9:1 ratio of (Z)/(E)-GLVs (Fig. 3.3) (22).
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Fig. 3.3. Predation by Geocoris spp. in the field. (A) Geocoris spp. are generalist predators
feeding on eggs and early instar larvae of Manduca sexta. [Photo: M. Stitz] (B) Predation assays
were performed in a native Nicotiana attenuata population in the Great Basin desert of
southwest Utah. [Photo: D. Kessler] (C) Average egg predation per plant and day (±SE).
Numbers in the plot denote total number of eggs predated per treatment. Treatment pairs with
no predated egg were excluded before statistical analysis. Asterisks indicate significant
differences between treatments (paired-sample t test, mix E versus F, t17 = 4.600, ***P ≤ 0.001;
mix C versus D, t12 = 1.594, P = 0.137). The composition of the different mixes tested (mixes C,
D, E, and F) are explained in table S3.5. n.s., not significant.

These results show that attack by the specialist herbivore M. sexta and the addition of
their oral secretions to mechanical wounds elicits a rapid (Z)/(E) isomeric change in the GLV
release of N. attenuata plants. This change, which lowers the (Z)/(E) ratio of the GLV blend,
increases the predation rate of the generalist predator Geocoris spp., likely by betraying the
location of the feeding caterpillar in a rapid, herbivore-specific, and spatially explicit manner.
Why Manduca larvae would produce such an apparently maladaptive elicitor in their OS
remains to be determined, but the larvae may benefit from the enhanced antimicrobial
properties of a GLV blend enhanced in (E)-hex-2-enal (31).
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1) Material and methods
a. Plant Material and Growing Conditions
We used seeds of the 22nd and 30st generation of an inbred line of Nicotiana attenuata
as the wild-type genotype in all experiments (S1). The original seeds were collected in 1988
from a natural population at the DI ranch in southwestern Utah, USA. Seeds of wild-type and
genetically transformed plants were germinated as described previously (S1). Briefly, seeds
were sterilized and incubated in 1 mM GA3 (Roth, Karlsruhe, Germany; www.carl-roth.de)
and 1:50 diluted liquid smoke (v/v) (House of Herbs, Passaic, NJ) before germination on agar
plates

containing

Gamborg’s

B5

medium (Duchefa,

Haarlem,

The

Netherlands,

www.duchefa.com) at a 26°C/16 h 155 µm s-1 m-2 light: 24°C/8 h dark cycle (Percival, Perry,
IA). Plants were grown in the glasshouse with a day/night cycle of 16 h (26°C–28°C)/8 h
(22°C–24°C) under supplemental light from Master Sun-T PIA Agro 400 or Master Son-T
PIA Plus 600-W sodium lights (Philips). In the glasshouse plants were grown in 1 L
individual pots at 26°C to 28°C under 16 h of light as described by Krügel et al. (S1).
The transformed plants used were ir-lox3 (A-03-362-2, (S2)), ir-coi1 (A-04-248, (S3)),
as-aco (A-03-321-10,(S4)), 35s-etr1a (A-03-328-8, (S4)), ir-npr1 (A-05-213, (S5)) and the
cross ir-sipk x ir-wipk (S6, 7). In Nicotiana attenuata lipoxygenase-3 catalyzes the formation
of fatty acid hydroperoxides representing the first committed step in the biosynthesis of
jasmonic acid (JA). Coronatine insensitive1 (COI1) participates in the perception of JA and
regulates gene expression through its interaction with the JASMONATE-ZIM-DOMAIN
repressors. Ir-lox3 (S2) as well as ir-coi1 (S3) N. attenuata plants are impaired in JA-mediated
direct and indirect defense responses. One of the earliest events initiated by wounding and
herbivory described to date is the activation of mitogen-activated protein kinases (MAPK).
Two MAPKs in tobacco, the salicylic acid (SA) induced protein kinase (SIPK) and the
wound-induced protein kinase (WIPK) are activated in response to multiple biotic and abiotic
stresses, including wounding and herbivory. When SIPK and WIPK expression is silenced in
N. attenuata, the plants are impaired in JA, SA and ethylene biosynthesis (S6, 7).
Another regulatory component that affects JA production in N. attenuata is
Nonexpressor of PR-1 (NPR1), a negative regulator and an essential component of the SA
signal transduction pathway first identified in Arabidopsis (S8). Silencing NaNPR1 reduces
the levels of JA and JA–Ile/Leu but increases free SA in herbivore-attacked plants (S5). The
two transformants, as-aco and 35s-etr1a (S4), are both lines with impaired ethylene emissions.
While ACC oxidase (ACO) displays the second committed enzyme in the ethylene
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biosynthesis, the ethylene receptor (ETR) is required for perception of ethylene and plants
with a mutated (non-functional) ethylene receptor (35s-etr1a) are thus insensitive to ethylene.

b. Plant Treatments
All treatments in the glasshouse were performed with plants in the rosette stage of
growth, except when studying the (Z)/(E)-ratio in two different developmental stages (Fig.
S3.7). The first fully elongated (+1 position) leaf was used, unless otherwise noted. Plants
were wounded with a pattern wheel to punch three rows of holes on each side of the midrib.
Wounded leaves were immediately treated with 20 µL of the eliciting solution which was
pipetted directly onto the wounded leaf and gently dispersed across the surface with a gloved
finger, changing gloves between treatments. The compositions of the different eliciting
solutions are summarized in Figure S3.1.

GLV emissions induced by mechanical wounding of the plant were assessed by
applying deionized water (w + w) onto the wounds. Manduca sexta oral secretions (OS) were
collected from third to fifth instar caterpillars reared on N. attenuata wild type plants, flushed
with argon, stored at -20°C and diluted 1:3 (v/v) with deionized water prior to use.
GLV emissions induced by the alkalinity of Manduca sexta’s OS were assessed by
applying a 0.1 M Tris, pH 9, buffer solution containing 0.02 % (v/v) Tween-20 (1x buffer).
This surfactant was added to evaluate its potential eliciting effect, since it was used for the
preparation of the FACs solution. The two most abundant FACs in M. sexta’s OS, Nlinolenoyl-glutamate (18:3-Glu) or N-linolenoyl-glutamine (18:3-Gln) (S9) were used in a
concentration equal to 1:3 diluted M. sexta OS (18:3-Glu, 0.11 mM in 1x buffer and 18:3-Gln;
0.04 mM in 1x buffer). To control for a possible effect of the buffer itself, M. sexta OS was
diluted 1:3 (v/v) with 3x buffer instead of deionized water in this experiment. Boiled OS
(OSboiled) was heated to 90°C for 10min, flushed with argon, stored at -20°C and diluted 1:3
(v/v) with deionized water prior to use.
To trap volatiles from caterpillar attacked plants, we placed one, 5 or 10 freshly
hatched M. sexta neonates on the first fully elongated leaf (+1 position) of a wild type plant
and let them feed for 24h. After this period we enclosed all caterpillars and the leaf on which
they were feeding in two 50 mL food-quality plastic containers and trapped volatiles for 20
minutes as described in section ‘in vivo Volatile Collection and Analysis’.
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c. In vivo Volatile Collection and Analysis
Single leaves (+1 position for rosette stage and S1 position for early flowering plants)
were enclosed immediately after treatment between two 50 mL food-quality plastic containers
(Huhtamaki, Bad Bertricher, Germany; www.polarcup.de) secured with miniature claw-style
hair clips. Ambient air was pulled through the collection chamber and a glass tube (ARS, Inc.,
Gainsville, FL, USA; www.ars-fla.com) packed with glass wool and 20 mg of Super Q
(Alltech, Düsseldorf, Germany; www.alltech.com). Airflow was created by a vacuum pump
(model DAA-V114-GB, Gast Mfg, Benton Harbour, MI, USA; www.gastmfg.com) as
described by Halitschke et al. (S10). If not otherwise noted volatiles were trapped for 20 min
immediately after elicitation. SuperQ traps were eluted with 500 μL dichloromethane (DCM)
into a GC vial after spiking each trap with 320 ng tetralin (Sigma-Aldrich, Germany;
www.sigmaaldrich.com) as an internal standard.
Samples were analyzed on an Agilent 6890N gas chromatograph equipped with an
Agilent 7683 autoinjector (Agilent Technologies, Böblingen, Germany; www.agilent.com)
and coupled with a LECO Pegasus III time-of-flight mass spectrometer with a 4D thermal
modulator upgrade (LECO, Mönchengladbach, Germany; www.leco.de) as described by
Gaquerel et al. (S11). GLVs were identified and quantified using standard solutions of (Z)hex-3-enal, (E)-hex-2-enal, (Z)-hex-3-en-1-ol, (E)-hex-2-en-1-ol, [(Z)-hex-3-enyl] acetate,
[(E)-hex-2-enyl] acetate, [(Z)-hex-3-enyl] propanoate, [(Z)-hex-3-enyl] butanoate, [(E)-hex-2enyl] butanoate, (Sigma-Aldrich, Germany; www.sigmaaldrich.com) and [(E)-hex-2-enyl]
propanoate (Bedoukian Research Inc, Danbury, USA; www.bedoukian.com).
(Z)/(E)-ratios were calculated for each sample by dividing each (Z)-GLV by its
corresponding (E)-isomer. Ratios were log transformed and the average ratio was
subsequently calculated by back transforming the average log ratio and their 95 % confidence
limits via retransformation of their confidence limits in the log scale following Sokal & Rohlf
(S12).
To determine the longevity of GLVs released after a single elicitation and to determine
if the OS-elicited (Z)/(E)-shift is transient, rosette staged WT plants were wounded and
treated with either water or M. sexta OS (1:3, v/v). Leaves were immediately enclosed
between two plastic containers as described previously. Traps were exchanged after 20, 40,
60, 150 and 360 minutes (Fig. S3.2), measured and analyzed as described above.
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d. In vitro Volatile Collection
To test whether M. sexta OS was sufficient to convert (Z)- into (E)-GLVs, we tested
M. sexta OS and several other eliciting solutions for their ability to convert (Z)-hex-3-enal
into its corresponding (E)-isomer, (E)-hex-2-enal. 300 µL of the eliciting solutions were
pipetted into a GC vial with an insert and 1 µL of (Z)-hex-3-enal (4.8 µg/µL DMSO) was
added to the solution. A volume of 300 µL was chosen to minimize the headspace and thus
also the chance of (Z)-hex-3-enal to volatilize without reacting with the eliciting solutions.
The GC vial was closed and gently shaken for 20 minutes. After this period the liquid solution
was transferred into a 20 mL scintillation vial and volatiles were trapped at room temperature
for 20 min from the stirring solution. A constant nitrogen airflow was blown into the
scintillation vial and pushed through the glass tube packed with glass wool and 20 mg of
Super Q (Alltech, Düsseldorf, Germany; www.alltech.com). The Super Q traps were spiked
with 160 ng tetralin and eluted with 250 µL DCM. Samples were analyzed as described in the
previous section. (Z)-hex-3-enal is a rather unstable compound and 14.5 % of the pure
standard was already converted to (E)-hex-2-enal when directly injected into the GC. A
14.5 % ‘auto-conversion’ was thus included for all measurements when calculating the
percentage conversion to (E)-hex-2-enal with the in vitro assay. The composition of the
different eliciting solutions is summarized in Figure S3.5. All eliciting solutions contained
0.02 % Tween-20 to guarantee a good solubility of the substrate, (Z)-hex-3-enal.
We diluted boiled and unboiled M. sexta OS (OSboiled and OS) as well as OS that we
collected from caterpillars that had fed on artificial diet (OSAD, (S13)) 1:3 (v/v) with 0.03 %
Tween-20 solution. The control solution (ctrl) was a 0.02 % Tween-20 solution. The (Z)/(E)conversion induced by the alkalinity of M. sexta OS was assessed by using a 0.1 M Tris, pH9,
buffer solution that contained 0.02 % (v/v) Tween-20 (1x buffer). We furthermore tested two
OS-derived enzymes, glucose oxidase (1 U/mL, from Aspergillus niger, Sigma-Aldrich,
Germany; www.sigmaaldrich.com) and β-glucosidase (8 U/mL, from almonds, SigmaAldrich, Germany; www.sigmaaldrich.com), both of which are known to function as elicitors
when introduced into plants. Both enzymes were diluted in 1x buffer. Concentrations tested
were in the range of physiological amounts found in M. sexta OS (S14 ,Fig. S3.10). BSA was
dissolved in 1x buffer (0.5% BSA (w/v)).
We tested the enzymatic properties of OS from Spodoptera exigua and S. littoralis (3rd
to 4th instar) using the in vitro system. Both species were reared on artificial diet but had fed
on N. attenuata plants for at least 24 h before use. OS from all tested species was diluted 1:20
with 0.02 % Tween-20 solution.
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To confirm that the (Z)/(E)-conversion is caused by an OS-derived enzyme and that,
except for the supply of (Z)-hex-3-enal, no other components of the plant are involved in this
process, we tested whether the addition of crude leaf extract could increase the conversion
rate. We therefore used a method which was adapted from Bonaventure et al (S15). A fully
elongated leaf of a WT N. attenuata plant was mechanically wounded with a fabric pattern
wheel and 20 µL of 1:3 (v/v) diluted OS was applied to the wounds and gently dispersed
across the leaf surface. After 20 min two leaf discs of 12 mm diameter were punched out from
the leaf lamina, each leaf disc was placed in a 1.5 mL Eppendorf tube that contained 500 µL
of reaction buffer (40 mM MOPS/KOH, pH 7.0, 10 % (v/v) glycerol, 0.02 % Tween-20) and
the mixture was homogenized for 20 sec. with an Ultra-Turrax. After a ten second spin,
300 µL of the supernatant of one sample was pipetted into a GC vial with insert and 1 µL of
(Z)-hex-3-enal (4.8 µg/µL DMSO) was added to the mixture (sample 1). The 300 µL of the
supernatant of the second sample was pipetted into a 1.5 mL tube and, in addition to the (Z)hex-3-enal, 300 µL OS (diluted 1:3 (v/v) with 0.0 3% tween) was added (sample 2). The
resulting 600 µL mixture was aliquoted into two GC vials with inserts and all three vials were
closed and gently shaken for 20 min. After this period the 300 µL of sample 1 and the 600 µL
of sample 2 were transferred into two separate scintillation vials and volatiles were trapped as
described above.
e. Enzyme assays
The presence of β-glucosidase activity in Manduca sexta OS was determined,
following the procedure described in Mattiacci et al., (S16). OS samples were assayed in
triplicate. The incubation mixture, which contained 5 mM 4-nitrophenyl β-D-glucopyranoside
(Sigma-Aldrich, Germany; www.sigmaaldrich.com) in 1 mL 0.1 M Tris buffer and 125 µL of
OS solution (diluted 1:1 with H2O), was briefly stirred on a vortex and incubated in a water
bath at 30°C for 2 h. The reaction was stopped by immersing the incubation tubes in boiling
water for 10 min. All tubes were centrifuged at 10,000 x g for 10 min after incubation and the
absorbance of the supernatant was measured in an Ultrospec 3000 (Pharmacia Biotech;
http://www4.amershambiosciences.com)

spectrophotometer.

The

concentration

of

p-

nitrophenol, the reaction product, was determined at 400 nm by using a molar extinction
coefficient of 18,130. One unit was defined as the amount of enzyme hydrolyzing 1 µmol of
substrate per min at 30°C.
Glucose oxidase (GOX) was determined as described (S14) from three replicate M.
sexta OS samples.
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f. FAC Analysis
The two most abundant FACs in M. sexta OS, N-linolenoyl-L-Gln (18:3-Gln) and Nlinolenoyl-L-Glu (18:3-Glu) were measured by LC-MS from six samples in which each
sample consisted of OS from ten third to fifth instar M. sexta larvae that were actively feeding
on N. attenuata plants. Each sample was divided into two aliquots and in each case one
aliquot was heated to 90°C for 10min (boiled) prior to analysis while the second aliquot was
left untreated.
FAC measurements were done with a 1200L liquid chromatography–triple quadrupole
mass spectrometry system (Varian, Palo Alto, CA, USA; www.varianinc.com). 10 μL of each
sample were injected onto a ProntoSIL column (C18; 5 μm, 50 x 2 mm, Bischoff, Leonberg,
Germany; www.bischoff-chrom.de) attached to a precolumn (C18, 4 x 2 mm, Phenomenex,
USA, www.phenomenex.com). The mobile phase comprised solvent A (0.05 % formic acid)
and solvent B (MeOH) used in a gradient mode time/concentration (min/%) for B: 0:00/15;
1:30/15; 4:30/98; 12:30/98; 13:30/15; 15:00/15 with a flow of time/flow (mL/min): 0:00/0.4;
1:00/0.4; 1:30/0.2; 10:00/0.2; 10:30/0.4; 12:30/0.4; 15:00/0.4. 18:3-Glu and 18:3-Gln were
detected in the electrospray ionization-negative mode. Molecular ions [M-H](-) at m/z 406 and
405, generated from 18:3-Glu and 18:3-Gln, respectively, were fragmented by collisioninduced fragmentation with argon under 18.5 and 21.5 V of collision energy. The ion
intensities of their respective daughter ions, m/z 128 and 145 were used for quantifications.
The total amounts of the two FACs in boiled and unboiled OS were quantified with external
standard curves.
g. Field Bioassays
We tested the attractiveness of different mixtures to Geocoris spp. in a native N.
attenuata population in the Great Basin desert of southwest Utah in 2009. Three M. sexta
eggs per plant were glued to the underside of a lower stem leaf of 21 pairs of native N.
attenuata plants as described in Kessler and Baldwin (S17). We used a neutral α-cellulose
glue which is known to have no effect on predation rates or on plants’ VOC emissions (S17).
Plants were of the same size and developmental stage. On each experimental day two
different mixes were tested in a paired design. Each pair of plants was separated by an
average distance of 1.1 m. A cotton swab was dipped into lanolin paste containing different
GLV-mixes and placed immediately adjacent to the leaf with the M. sexta eggs. The numbers
of eggs predated were counted after 12 and 24 h. Predated eggs are emptied by Geocoris and
are thus easy to distinguish (Fig. 3.3A). For all experiments we used M. sexta eggs from our
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own 1 ½ years old inbred colony in Jena or eggs from a 40 year-old inbred colony from the
Binghamton University (Biological Sciences Department, Vestal, NY), kindly provided by
Carol Miles.
In the first two weeks (Fig. S3.8) no eggs were predated. However, from the third
week on, Geocoris spp. fed on Manduca eggs. This may be due to low population rates, a
saturation-based decreased decisiveness (S18), or perhaps since the insects have a broad host
range, Geocoris needed to associate herbivore-specific changes in the GLV-bouquets with the
location of their prey (S19). Since the dietary change closely followed the only natural
Manduca oviposition event of the season (Fig. S3.8), we speculate that Geocoris learned to
associate certain volatile compounds with the presence of Manduca eggs and hatching larvae.
The mixes that we tested for their ability to attract Geocoris are given in Table S3.5.
Mix A and B were used to answer the question whether Geocoris was able to distinguish
between (Z)-GLVs and (E)-GLVs. Mix A consisted of the four main (Z)-GLVs and MIX B of
the four main (E)-GLVs that we detected in our 20 min trappings (Fig. 3.1 and Table S3.1).
Since the aldehydes and the alcohols were almost 100x more abundant in these trappings than
the esters, we took these differences into account and created mixtures that had 100x larger
amounts of the aldehyde and the alcohol than the esters.
Mix C and D as well as Mix E and F were used to test whether Geocoris was able to
sense subtle changes in the (Z)/(E)-ratio. We decided to work with the minimum and
maximum ratio we detected in our first measurements (Fig. 3.1B). To mimic the emission of
w+OS treated plants we chose a (Z)/(E)-ratio of 1:1, and to mimic the emission of w+w
treated plants, we used a mixture in a 9:1-ratio. (Z)-hex-3-enal, which is a relatively unstable
compound is available (from Sigma-Aldrich) stabilized with triacetin. To insure that the
increased predation rates we saw with the (E)-mixes (Mix B) were not due to a possible
repellent effect of the triacetin itself, we tested mixtures that either did not contain the
aldehydes and thus also no triacetin (MIX C and D), or we added triacetin to produce mixes
that differed in their (Z) and (E) amounts, but contained the same amounts of triacetin (Table
S3.5 C, Mix E and F).
h. Headspace collection of lanolin mixes
To determine the actual amounts released from the lanolin paste and to monitor the
changes in the emission in the first 12 h of the experiment we collected the headspace from
cotton swabs scented with the 9:1 or the 1:1-ratio mix (Mix E and F, Table S3.5 and S3.6).
Headspace collections were done in Utah under field conditions (Fig. S3.13). A cotton swab
was dipped into the lanolin paste and placed adjacent to a leaf of a GLV-deficient plant (ir73
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lox2 S2) to avoid plant-derived ‘GLV-contaminations’. VOCs were collected with a portable
12V DC vacuum pump (Gast Mfg., Benton Harbour, MI, USA) which pulled air through a
20mL plastic beaker which largely enclosed the cotton swab on to a coconut-charcoal airsampling trap (ORBO-32TM, SUPELCO, Munich, Germany). Volatiles were trapped (from
the 9:1-mix, 1:1-mix and from unscented ir-lox2 plants as control) in a 12h time period, every
two hours, for each 30min. The trapping started at 7am and ended at 7pm. This time window
was chosen since predation assays were done at the same time.
The GC analyses were performed on a Varian CP-4000 GC coupled with a Varian
Saturn 4000 ion trap MS in electron ionisation (EI; 70 eV) mode (Varian, Palo Alto, CA).
1 µL of the sample was injected splittless on a DB-5 column (30m×0.25mm I.D., 0.25 μm
film thickness, Agilent, Boeblingen, Germany) with helium at a constant flow of 1 mL min-1
as the carrier gas. The injector was at 250°C. The oven temperature program was: 40°C for 5
min, 120°C at 5°C/min, 30°C/min ramp to 240°C. EI spectra were recorded on Scan mode
from 50 to 150 m/z. Identification was performed using identical standards.
i. Statistical Analysis
All statistical analyses were performed with Excel (Microsoft Corporation, Redmond,
Washington, USA) or SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Data were transformed, if
necessary, to meet the requirements for homogeneity of variance.
2) Supporting text
Due to the space constraints of the main text, we were not able to address four issues
that deserve additional consideration. First, the elicitation of direct and indirect defense
responses is mediated by a suite of plant hormones, of which JA, SA and ET play central
roles. All three affect the induction of HIPVs (S20). To test whether the observed OS-elicited
(Z)/(E)-shift is regulated via these phytohormone-signaling systems, we trapped volatiles
from transgenic plants impaired in JA-biosynthesis (ir-lox3; LOX3 = lipoxygenase-3; S2)) or
–perception (ir-coi1; COI1 = coronatine insensitive-1; S3), ET-biosynthesis (as-aco; ACO =
ACC oxidase; S4) or–perception (35s-etr1a; ETR1a = ethylene receptor gene-1a; S4), or SAsignaling (ir-npr1; NPR1 = nonexpressor of PR-1; S5). We also examined plants with
reduced expression of the mitogen activated protein kinases SIPK (salicylate-induced protein
kinase) and WIPK (wound-induced protein kinase; ir-sipk x ir-wipk) which function upstream
of the three phytohormones (S6). Although some transgenic lines were impaired in their
absolute GLV emissions (Table S3.2 and S3.3), all exhibited M. sexta OS-dependent changes
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in their (Z)/(E)-ratio (Fig. S3.4). Thus, we conclude that the M. sexta OS mediated (Z)/(E)shift is independent of the plant’s JA, SA and ET dependent defense signaling pathways.
Second, we would like to draw the attention of readers to a number of excellent
studies that have examined the function of herbivore-induce plant volatiles (HIPV) in a field
context, particularly, those of Thaler (S21) and Shimoda et al. (S22).
Third, we would like to consider the role of GLVs in the context of the entire HIPV
blend, which includes a complex mixture of terpenoids and in some cases volatile phenolics,
such as MeSA. Two figures are presented in this SOM (Fig. S3.11 and S3.12) depicting gas
chromatograms of the headspace composition of a w+OS elicited N. attenuata plant, early
after elicitation (0-20 min) and one day after elicitation (22-26 h). From these chromatograms,
it’s clear that GLVs dominate the headspace early after elicitation and that other constituents,
particularly terpenoids, such as (E)-α-bergamotene (TAB) become more important later in the
emission process. However, it should be mentioned that during herbivory and thus when a
plant experiences continuous damage GLV emissions remain a prominent feature also in the
later emission process. We have published a number of studies about the separate function
and regulation of GLVs and TAB: For example, we know that both are important, and when
N. attenuata plants in native populations are perfumed with synthetic versions, predation rates
increase (S17); we know that plants silenced in total GLV production are “off the radar” of
flea beetles, and hence GLV emissions have a “dark side” by functioning as host-location
cues for herbivores (S23). We know that GLV emissions are controlled by a SIPK (S7), in
addition to the genes involved in their biosynthesis, and that TAB is regulated by a pair of
WRKY transcription factors (S24). TAB is slowly and systemically released and likely
functions as a long distance signal, which recruits Geocoris from several meters away to an
attacked plant, but because of its systemic release, fails to provide information about the exact
location of the feeding herbivore. The change in (Z)/(E)-ratio of the GLV blend which results
from the putative isomerase in Manduca OS described in this paper, provides predators with a
rapid, herbivore-specific signal replete with spatially-explicit information. It is likely that both
GLV and terpenoid components are required for optimal indirect defense function, but this
will require additional research to verify.
Last, we consider how the change in the (Z)/(E)-ratio of the GLV blend comes about.
In the manuscript we have emphasized the role of the yet-to-be identified insect-derived
isomerase in Manduca OS which converts (Z)- to (E)-GLVs, because that is the direction
where are data points us. However, at this stage, we cannot fully exclude the possibility that
an OS –derived constituent might also decrease the stability of (Z)-GLVs without converting
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them into the more stable (E)-GLVs. This is a particularly challenging hypothesis to falsify
due to the well-described instability of the (Z)-GLVs. As seen from Table S3.6, (Z)-hex-3enal is particularly unstable in comparison to (E)-hex-2-enal, which is readily detected, even
after 12 h in the hot Utah sun. And this brings up an interesting issue. While trappings of the
Q-tip headspace onto activated charcoal, elution from the trap, and re-analysis by GC-MS
reveals the well-described instability of (Z)-hex-3-enal, it is not clear at which of these three
steps the compound is lost. Only losses during volatilization in the headspace are relevant to
the biological question which compounds are relevant for the attraction of Geocoris spp., as
losses during trapping, elution and re-analysis are simply experimental artifacts of how
scientists quantify GLVs. This is an interesting question which will likely only be resolved by
a better understanding of the neurobiology of (E)-hex-2-enal/ (Z)-hex-3-enal perception by
Geocoris spp. However, it is worth pointing out again that while it’s unclear how much (Z)hex-3-enal is in the headspace for Geocoris to perceive, it is clear from the tests performed
with Mixes C and D (Fig. 3.3 and Table S3.5), that these unstable aldehydes are not required
to attract this predator.

3) Supporting figures
A

B
Wounding (w) +

water

deionized water

OS

M. sexta OS, 1:3 (v/v) in deionized water

OSboiled

M. sexta OS, 10min at 90°C; 1:3 (v/v) in
deionized water

1x buffer

Tris HCL 0.1M pH9 in 0.02% Tween-20

OSbuffer

M. sexta OS, 1:3 (v/v) in 3x buffer

18:3-Glu

18:3-Glu 0.11 mM in 1x buffer = 1:3 OS

18:3-Gln

18:3-Gln 0.04 mM in 1x buffer = 1:3 OS

Fig. S3.1. Elicitation and volatile collection procedures. (A) The first fully expanded leaf of
rosette-stage (+1 position) or the first stem leaf of flowering (S1 position) N. attenuata plants
was wounded (w) with a fabric pattern wheel, and 20 µL of one of the different eliciting
solutions was directly applied to the leaf surface. (B) After applying the solution onto the
wounds, the leaf was immediately enclosed between two 50mL food-quality plastic containers.
Ambient air was pulled through the collection chamber and a glass tube packed with glass wool
and 20mg of SuperQ. Airflow was created by a vacuum pump as described by Halitschke et al.
(S10).
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Fig. S3.2. The OS-elicited (Z)/(E)-shift persists until the end of the GLV-burst. (A) Mean (+SE) release of (Z)-hex-3-enol after a single
elicitation (w+w = wounding + water). Values are given in ng*g FW-1 * 20min -1. (B) For each trapping interval and each group of isomers the
(Z)/(E)-ratio was calculated (e.g. (Z)-hex-3-enal / (E)-hex-2-enal). The bars represent the average ratio and their 95% confidence limits (n=6 for
w+OS and n=5 for w+w). n.d. = not detected (if the (Z)- or the (E)-isomer or both could not be detected); * = ratio could only be calculated for one
replicate and confidence limits were thus not calculated. Experimental setup is described in ‘Material and methods’.
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Fig. S3.3. Fatty acid-amino acid conjugates and the alkalinity of Manduca sexta’s OS have
no influence on the OS-elicited (Z)/(E)-conversion. (A-D) The bars represent the average ratio
and their 95% confidence limits (n=5). (A) Control experiment: The influence of M. sexta OS
on the (Z)/(E)-ratio. w+w = wounding + water; w+OS = wounding + OS. (B) The influence of
the alkalinity of M. sexta OS on the (Z)/(E)-ratio. buffer = pH9 (C) The influence of heatunstable compounds in M. sexta OS on the (Z)/(E)-ratio. M. sexta OS were heated to 90°C for
10 min prior to use (OSboiled). n.d. = not detected (if the (Z)- or the (E)-isomer or both could not
be detected) (D) The influence of fatty acid-amino acid conjugates (FACs) on the (Z)/(E)ratio.18:3-Glu = N-linolenoyl-L-Glu; 18:3-Gln = N-linolenoyl-L-Gln. (E-F) FACs are heatstable components of Manduca sexta OS. Mean (+SE) concentration of 18:3-Glu and 18:3-Gln
in M. sexta OS before and after boiling (n=6). Treatments and methods used are described in
Fig. S3.1 and in ‘Material and methods’.

78

(Z)/(E)-CONVERSION OF GLVS TO ATTRACT PREDATORS

w+w

w + OS
Salicylic acid pathway

ir-sipk x ir-wipk

ir-npr1

hexenal
hexenol
hexenyl acetate
hexenyl propionate
hexenyl butyrate
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ir-lox3

Ethylene pathway

as-aco

hexenal
hexenol
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hexenyl butyrate
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35s-etr1a
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Fig. S3.4. The (Z)/(E)-shift is not signaling elicited. Different transgenic lines, impaired in JAbiosynthesis (ir-lox3; LOX3 = lipoxygenase-3) or JA–perception (ir-coi1; COI1 = coronatine
insensitive-1), ethylene-biosynthesis (as-aco; ACO = ACC oxidase) or ethylene–perception
(35s-etr1a; ETR1a = ethylene receptor gene-1a), SA-biosynthesis (ir-npr1; NPR1 =
nonexpressor of PR-1), or lines that function upstream of all three pathways (ir-sipk x ir-wipk;
SIPK = salicylate-induced protein kinase, WIPK = wound-induced protein kinase) were used to
test whether influencing one of these signaling pathways also influences the OS-elicited (Z)/(E)conversion. The bars represent the average ratio and their 95% confidence limits (n=5).
Treatments (w+w = wounding + water; w+OS = wounding + OS) and methods used are
describe in ‘Material and methods’.
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BSA

GOX

β-gluc

C
Eliciting solutions tested
Fig. 2

OS

M. sexta OS 1:3 (v/v) in 0.03% Tween-20

Fig. 2

OS AD

M. sexta OS fed on artificial diet 1:3 (v/v) in 0.03% Tween-20

Fig. 2

OS boiled

M. sexta OS heated 10min @90°C 1:3 (v/v) in 0.03% Tween-20

Fig. 2

Ctrl

0.02% Tween-20

Fig. 2/S5

1x buffer

0.1M Tris HCL pH 9 in 0.02% Tween-20

Fig. S5

BSA

0.5% BSA in 0.02% Tween-20

Fig. S5

GOX

glucose oxidase in 1x buffer

Fig. S5

β-gluc.

β-glucosidase in 1x buffer

Fig. 2

LJ*

OS-induced leaf juice

Fig. 2

LJ* + OS

OS-induced leaf juice + OS

* in 40mM MOPS/KOH pH 7, 10% (v/v) glycerol, 0.01% (v/v) Tween-20

Fig. S3.5. (A and C) In vitro assay to test different eliciting solutions in their ability to
convert (Z)-hex-3-enal into (E)-hex-2-enal. 300µL of the different eliciting solutions were
pipetted into a GC vial with an insert and 1 µL of (Z)-hex-3-enal (4.8 µg/µL DMSO) was added
to the solution. A volume of 300 µL was chosen to minimize the headspace and thus also the
chance of (Z)-hex-3-enal to volatilize without reacting with the eliciting solutions. The GC vial
was closed and gently shaken for 20 minutes. The liquid solution was subsequently transferred
into a 20 mL scintillation vial and volatiles were trapped at room temperature for 20 min from
the stirring solution by a constant nitrogen airflow which was blown into the scintillation vial
and pushed through the trap. (B) Percentage conversion to (E)-hex-2-enal was calculated for
each eliciting solution (n = 3-6).
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Fig. S3.6. Percentage conversion
to (E)-hex-2-enal by OS from
different lepidopteran species. OS
from M. sexta, Spodoptera exigua
and Spodoptera littoralis were
diluted 1:20 with 0.02% Tween-20
and the percentage (Z)/(E)conversion rate was calculated
(M. sexta
n=6;
S. exigua,
S. littoralis n=3) using the in vitro
assay as described in Fig. S3.5 and
in ‘Material and methods’.
Asterisks
indicate
significant
differences from M. sexta OS
(univariate ANOVA, F2,9 = 31.177,
p ≤ 0.001, followed by a Scheffé
post-hoc test, p ≤ 0.001(***)).

A - Rosette stage
w+OS

w+w

Fig. S3.7. (A and B) The OSelicited (Z)/(E)-shift is not
influenced by the developmental
stage of the plant. GLVs were
trapped from single leaves of
rosette stage (+1 position; n = 6; A)
and early flowering plants (S1
position in flowering plants; n = 9;
B) immediately after w+w or w+OS
elicitation, and (Z)/(E)-ratios were
calculated as described in ‘Material
and methods’. The bars represent
the average ratio and their 95%
confidence limits.
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1st natural
oviposition event
no egg
predation

15.05.

.

no egg
predation

22.05.
21.05.

predation
predation

predation

28.05.

03.06.

A vs. B

A vs. B
A vs. B

A vs. B

11.06. 13.06. 15.06.
10.06. 12.06. 14.06.

C vs. D E vs. F
C vs. D E vs. F

E vs. F

Fig. S3.8. Timeline of 2009 Utah field season. The attractiveness of different GLV-mixes to
Geocoris spp. was tested during the field season 2009 with a predation assay as described in
Kessler and Baldwin (S17) and in the ‘Material and method’ section. On each experimental day
two different mixes were tested in a paired design. Mixes used on different experimental days
are plotted below the timeline. The composition of each mixture is described in Table S3.5.
Environmental events occurring during this period are plotted above the timeline.
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average egg predation per plant/day

(E)-mix (B)
(Z)-mix (A)

***

**

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
28-May

3-June

Fig. S3.9. Predation by Geocoris spp. in the field. Average egg predation per plant and day
(n=15). Enhanced predation was observed with the (E)-mix (B) compared to the (Z)-mix (A).
The composition of both mixtures is described in Table S3.5. Treatment pairs with no predated
egg were excluded prior to the statistical analysis. Asterisks indicate significant differences
between treatments (paired sample t-test, 28.May, t9 = 4.583, p ≤ 0.001 (***), 03.June, t7 =
3.742, p ≤ 0.01 (**)).
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Fig. S3.10. GOX and β-glucosidase activity in M. sexta OS (n=3).
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GLVs; ions 67+69

WT 0-20 min
WT 22-26 h

14000

12000

10000

8000

6000

4000

2000

1st time (s)

198

2nd time (s)

2

396
4

600

798

996

1200

1398

1596

0

2

4

0

2

4

14161
0-20min

1500
G5

G2

0-20min

G6

G4

G8
G7

G3

G10
G9

G12
G11

G1

22-26 h

2nd dimension
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211
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Fig. S3.11. GLV-related GCxGC-ToF extracted ion chromatograms of the headspace of an
OS-elicited N. attenuata plant, immediately and one day after elicitation. Representative
chromatograms of an OS-elicited WT plant. Volatiles were trapped immediately after elicitation
(0-20 min, grey line) and again on the next morning (22-26 h, black line). The single ions 67
and 69 are typical ions for GLVs and have been used for the chromatograms as well as for the
2D-intensity plots. Normalized intensities and magnified areas of the two rectangles in the twodimensional chromatograms give an overview of the abundance of GLVs in early and late
volatile bouquets. G1= (Z)-hex-3-enal, G2= (E)-hex-2-enal, G3= (Z)-hex-3-enol, G4= (E)-hex2-enol, G5= (Z)-hex-3-enyl acetate, G6= (E)-hex-2-enyl acetate, G7= (Z)-hex-3-enyl
propionate, G8= (E)-hex-2-enyl propionate, G9= (Z)-hex-3-enyl isobutyrate, G10= hexenyl
isobutyrate, G11(Z)-hex-3-enyl butyrate, G12= (E)-hex-2-enyl butyrate, T6= unknown
monoterpene 2 (MT), T7= unknown MT3.
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Terpenoids; ions 93+119
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Fig. S3.12. Terpene-related GCxGC-ToF extracted ion chromatograms of the headspace
of an OS-elicited N. attenuata plant, immediately and one day after elicitation.
Representative chromatograms of an OS-elicited WT plant. Volatiles were trapped immediately
after elicitation (0-20 min, grey line) and again on the next morning (22-26 h, black line). The
single ions 93 and 119 are typical ions for terpenes and have been used for the chromatograms
as well as for the 2D-intensity plots. Normalized intensities and magnified areas of the two
rectangles in the two-dimensional chromatograms give an overview of the abundance of
terpenes in early and late volatile bouquets. T1= α-pinene, T2= β-pinene, T3= β-myrcene, T4=
unknown MT1, T5= limonene, T6= unknown MT2, T7= unknown MT3, T8= unknown MT4,
T9= α-cedrene, T10= longifolene, T11= (E)-α-bergamotene.
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Fig. S3.13. Setup for collecting volatiles from lanolin mixes in the field. Experimental setup is
described in ‘Material and methods’.
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16.31
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3.61

9.74

291.08

222.83

394.99

908.50

35.62

97.00

8.08
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35.46

46.56

2444.62

1776.39

2693.12

3525.29

±

±

±
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w + OS

volatile release in ng / g fresh mass

4.93

15.09

1.32

1.68

4.65

7.62

332.90

276.68

362.05

880.51

0.064

0.007

0.002

0.730

0.045

0.003

0.148

0.031

0.027

≤ 0.001

p-value

Mean (± SE; n=5) release of GLVs in wild-type (WT) plants. A single leaf (+1 position) of each rosette stage plant was mechanically
wounded and treated with water (w+w) or M. sexta OS (w+OS). Plant volatiles were collected as described in Halitschke et al. (S10) the
first 20min after elicitation and samples were analyzed by GCxGC-ToF MS (S11). Two-dimensional separations were attained using an
RTX-5MS column (RT1) followed by a DB-17 column (RT2). Volatiles are listed by chemical classes with their retention times on the first
and second dimension (RT1 and RT2). Differences between w+w and w+OS emissions were determined with a Student’s t-test and
significant differences were displayed in bold (p<0.05).

(Z)-3-hexenyl acetate

hexenylester [(Z)-hex-3-enyl] acetate

alcohol

common Name

IUPAC Name

class

Table S3.1. Immediate GLV emissions in the first 20min after w+w or w+OS treatment in wild type plants.
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0.743

-

0.307

0.011
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0.016

0.797

0.002

0.638
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(A and B) Mean (± SE. n>5) release of GLVs in WT plants and transgenic lines in the first 20min after elicitation. A single leaf (+1 position) of
each rosette stage plant was mechanically wounded and treated with water (w+w). Differences from WT emissions were determined with a
Student’s t-test and significant differences were displayed in bold (p<0.05). Volatiles from ir-lox3 plants were trapped in a separate experiment.
n.d., not detected; *, compound was detected only once and thus no statistics were done.
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Table S3.2. GLV emissions in the first 20min after w+w treatment in transgenic lines.
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(A and B) Mean (± SE. n>5) release of GLVs in WT plants and transgenic lines in the first 20min after elicitation. A single leaf (+1 position) of each
rosette stage plant was mechanically wounded and treated with M. sexta OS (w+OS). Differences from WT emissions were determined with a
Student’s t-test and significant differences were displayed in bold (p<0.05). Volatiles from ir-lox3 plants were trapped in a separate experiment.

912 2.64

(Z)-3-hexenyl butyrate

8.30

(E)-2-hexenyl acetate

64.60

3507.34

(E)-2-hexenyl propionate 774 2.82

570 2.89

(Z)-3-hexenyl acetate

43.26

270 2.73

(E)-2-hexenol

3216.60

11.37

246 2.58

(Z)-3-hexenol

5866.25

2.97

15.85

1.41

1.75

5.25

6.38

254.29

248.01

538.47

722.62

as-aco

±

±

±

±

±

±

±

±

±

±

WT

14871.83

594 2.95

174 1.93

32.08

119.33

58.57

3028.83

(Z)-3-hexenyl propionate 756 2.78

174 1.80

(E)-2-hexenal

RT1 RT2

(Z)-3-hexenal

Common names

B

912 2.64

(Z)-3-hexenyl propionate 756 2.78

930 2.70

8.37

594 2.95

(E)-2-hexenyl acetate

(E)-2-hexenyl butyrate

10.65

570 2.89

(Z)-3-hexenyl acetate

(Z)-3-hexenyl butyrate

46.45

270 2.73

(E)-2-hexenol

2561.49

4533.93

174 1.93

246 2.58

(Z)-3-hexenol

9746.23

(E)-2-hexenal

174 1.80

RT1 RT2

(Z)-3-hexenal

Common names

A

Table S3.3. GLV emissions in the first 20min after w+OS treatment in transgenic lines.
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(Z)-3-hexenal
(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol

(Z)-hex-3-enal

(E)-hex-2-enal

(Z)-hex-3-en-1-ol

(E)-hex-2-en-1-ol

aldehyde
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(E)-2-hexenyl acetate
(Z)-3-hexenyl propionate
(E)-2-hexenyl propionate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

[(E)-hex-2-enyl] acetate

[(Z)-hex-3-enyl] propanoate

[(E)-hex-2-enyl] propanoate

[(Z)-hex-3-enyl] butanoate

[(E)-hex-2-enyl] butanoate
930

912

774

756

594

570

270

246

174

174

RT1

2.70

2.64

2.82

2.78

2.95

2.89

2.73

2.58

1.93

1.80

RT2

RT (s)

29.75

155.63

6.08

9.65

35.28

70.65

2568.08

2944.72

2365.97

15313.24

±

±

±

±

±

±

±

±

±

±

w+w

2.98

15.14

0.98

1.16

2.90

4.49

301.99

194.56

275.90

1796.83

32.33

98.16

11.77

10.84

47.12

49.50

3647.02

2369.27

5581.64

9037.02

±

±

±

±

±

±

±

±

±

±

w + OS

volatile release in ng / g fresh mass

2.50

8.19

1.36

0.92

4.40

4.04

400.28

220.22

773.50

1018.63

0.511

0.007

≤0.001

0.266

0.032

≤0.001

0.018

0.029

≤0.001

0.003

p-value

Mean (± SE; w+OS, n= 21, w+w, n=20) release of GLVs in wild-type (WT) plants from three independent experiments (Experiment
Fig. 3.1C or Table S3.1, Fig. S3.7 A (rosette plants) and B (flowering plants)). Differences between w+w and w+OS emissions were
determined with a Student’s t-test and significant differences were displayed in bold (p<0.05).

(Z)-3-hexenyl acetate

hexenylester [(Z)-hex-3-enyl] acetate

alcohol

common Name

IUPAC Name

class

Table S3.4. Average GLV emissions in the first 20min after w+w or w+OS treatment in wild type plants from three
independent experiments.
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Table S3.5. GLV-mixtures used for the field bioassays.

(E)-GLVs

(Z)-GLVs

A

B

(A) Only (Z)-mix

(B) Only (E)-mix

(µg/µl lanolin)

(µg/µl lanolin)

(Z)-3-hexenal (50% in triacetin)

10.0

0.0

(Z)-3-hexenol

10.0

0.0

Compounds (common
names)

(Z)-3-hexenyl acetate

0.1

0.0

(Z)-3-hexenyl butyrate

0.1

0.0

(E)-2-hexenal

0.0

10.0

(E)-2-hexenol

0.0

10.0

(E)-2-hexenyl acetate

0.0

0.1

(E)-2-hexenyl butyrate

0.0

0.1

(C) (Z)/(E)-mix 1:1; ≈ w+OS. w/o
aldehyde
(µg/µl lanolin)

(D) (Z)/(E)-mix 9:1; ≈ w+w. w/o
aldehyde
(µg/µl lanolin)

X

X

10.0

18.0

Compounds (common
names)

(E)-GLVs

(Z)-GLVs

(Z)-3-hexenal (50% in triacetin)

(E)-GLVs

(Z)-GLVs

C

(Z)-3-hexenol
(Z)-3-hexenyl acetate

0.1

0.18

(Z)-3-hexenyl butyrate

0.1

0.18

(E)-2-hexenal

X

X

(E)-2-hexenol

10.0

2.0

(E)-2-hexenyl acetate

0.1

0.02

(E)-2-hexenyl butyrate

0.1

0.02

(E) (Z)/(E)-mix 1:1; ≈ w+OS

(F) (Z)/(E)-mix 9:1; ≈ w+w

Compounds (common names)

(µg/µl lanolin)

(µg/µl lanolin)

(Z)-3-hexenal (50% in triacetin)

5.0

9.0

(Z)-3-hexenol

5.0

9.0

(Z)-3-hexenyl acetate

0.05

0.09

(Z)-3-hexenyl butyrate

0.05

0.09

(E)-2-hexenal

5.0

1.0

(E)-2-hexenol

5.0

1.0

(E)-2-hexenyl acetate

0.05

0.01

(E)-2-hexenyl butyrate

0.05

0.01

51.25 µL

92.2 µL

triacetin added per 10mL mix

40.95 µL

0 µL

Total amount of triacetin per
10mL mix

92.2 µL

92.2 µL

triacetin per 10mL mix (derived
from (Z)-3-hexenal)
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7.25

2.77

1.34

hexenol

hexenyl acetate

hexenyl butyrate

0h

0.57

0.89

0.84

1:1

0h
38.42
0.62
0.30
6.07
5.30
0.22
0.09

1.98

2.90

7.84

9:1

2h
9.54
0.19
0.18
1.01
1.22
0.06
0.09

2h

0.52

0.92

0.92

1:1

4h
11.61
0.22
0.26
1.26
1.43
0.07
0.07

3.83

3.34

8.11

9:1

9:1 mix
6h
2.67
0.06
0.05
0.26
0.32
0.02
0.00

4h

0.50

0.90

0.92

1:1

8h
3.54
0.08
0.09
0.35
0.40
0.03
0.00

10h
1.78
0.05
0.07
0.17
0.19
0.01
0.00

n.d.

3.42

8.25

9:1

6h

12h
1.45
0.04
0.04
0.12
0.16
0.01
0.00

0.57

0.99

0.93

1:1

0h
25.50
0.44
0.30
19.54
30.19
0.50
0.52

n.d.

3.31

8.80

9:1

8h

2h
15.59
0.36
0.51
7.57
17.02
0.39
0.98

0.67

0.90

0.91

1:1

4h
4.04
0.12
0.17
1.63
4.38
0.13
0.33

volatile release in µg / 30min trapping period

n.d.

3.36

1.01

1.08

0.97

1:1

8h
1.43
0.03
0.05
0.54
1.57
0.04
0.07

10h
9.30

9:1

1:1 mix
6h
1.43
0.04
0.06
0.58
1.55
0.04
0.11

3.56
n.d.

12h
0.33
0.01
0.01
0.11
0.17
0.01
0.00

n.d.

0.63

2.00

1:1

12h
9.07

9:1

10h
1.10
0.02
0.02
0.35
1.13
0.02
0.02

(A) Headspace collections from 9:1 and 1:1 lanolin mixes under field conditions. Volatiles were trapped every second hour for each 30min.
Concentrations are given in µg / 30min trapping period. (B) (Z)/(E)-ratios of the lanolin mixes for each trapping period. n.d. = not detected, if
either the (Z)-, or the (E)- compound could not be detected.

9:1

Common names

B

Common names
(Z)-3-hexenol
(Z)-3-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenal
(E)-2-hexenol
(E)-2-hexenyl acetate
(E)-2-hexenyl butyrate

A

Table S3.6 Headspace trapping under field conditions of GLV-mixtures used for the field bioassays.
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CHAPTER 4
ABSTRACT
Moms always want the best for their children and as such female moths try to
find the best plant for their offspring – nutrient rich, poor in toxins and preferably
not occupied by other herbivores. Plant volatiles play an important role for female
moths in selecting appropriate host plants as these contain valuable information
on the plant identity and the presence of other herbivores. Therefore the ability to
perceive, discriminate and classify volatile plant compounds is crucial for a
moth’s oviposition choice. Green leaf volatiles (GLVs) are rapidly released upon
cell disruption and can provide such specific information. When plants are
consumed by the larvae of tobacco hawkmoth Manduca sexta their oral secretions
(OS) cause a rapid conversion of the GLV (Z)-3-hexenal into (E)-2-hexenal
leading to a dramatic shift in the (Z)/(E)-ratio of these aldehydes, their alcohols
and esters compared to mechanically damaged plants.
Datura wrightii is often selected as host by ovipositing hawkmoths. Here we
show, through laboratory and field experiments, that the OS-depending shift in
Datura wrightii’s (Z)/(E)-ratio could be induced during the light and the dark
period. However, under artificial night conditions also wounding alone resulted in
this shift. Female Manduca moths are able to detect and discriminate certain
GLVs: by means of functional calcium imaging we found four glomeruli in the
antennal lobe of M. sexta females being activated upon stimulation with
unsaturated C6-aldehydes, alcohols or acetates. Interestingly, two of these showed
high specificity for hexenyl acetate isomers i.e. (Z)-3- or (E)-2-isomers.
Furthermore, stimulation with different ratios of both acetate isomers resulted in
distinct activation patterns. Field experiments demonstrated that Manduca moths
preferred to oviposit on (Z)-perfumed Datura wrightii over (E)-perfumed plants
and they discriminated between (Z)- and (E)-GLVs, different (Z)/(E)-ratios and
between the two hexenyl acetates. These results show that (E)-GLVs and/or
specific (Z)/(E)-ratios are cues hawkmoths can use when selecting host plants for
their offspring.

Image description front page
Upper left panel: Volatile trapping set-up on a Datura wrightii plant in the field. Image courtesy of M.
Kallenbach.
Upper right panel: Feeding late instar caterpillar of M. sexta on a N. attenuata leaf. Image courtesy of A.P. van
Doorn
Lower left panel: Overlay image of an antennal lobe of a female Manduca sexta moth. Image courtesy of A.
Späthe.
Lower right panel: Ovipositing Mandcua sexta moth on a N. attenuata leaf. Image courtesy of D. Kessler.
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INTRODUCTION
Insects rely on olfaction in most aspects of life: volatile signals guide them to food
sources, mating partners and oviposition hosts. Especially for herbivorous insects, plant
volatiles are important to locate and identify appropriate host plants for their offspring. Upon
herbivory, plants respond with an increased release and de-novo synthesis of several volatile
compounds from their vegetative tissue (Mumm and Dicke, 2010). The main groups of
volatiles released from damaged tissue are green leaf volatiles (GLVs), derived from the fatty
acid/ lipoxygenase pathway, mono- and sesquiterpenes, from the isoprenoid pathways and
aromatic metabolites, such as methyl salicylate, indole and benzenoids from the shikimate/
tryptophan pathway (Maffei, 2010). These so-called herbivore induced plant volatiles (HIPV)
can provide significant information to the surrounding environment as composition and
abundance relies on several biotic and abiotic factors: the quantitative and qualitative amounts
of HIPV can differ depending on plant species or cultivar (Gouinguene et al., 2001; Schuman
et al., 2009), plant age, season (Hare, 2010), but also depending on the attacking herbivore
(De Moraes et al., 1998) or even the developmental stage of the herbivore (Takabayashi et al.,
1995). HIPV have been assigned various defense-related functions and they mediate amongst
others indirect defenses by attracting predators and parasitoids of the herbivores to the feeding
site (Sabelis and Van De Baan, 1983; Mumm and Dicke, 2010). As this ‘cry for help’ (Dicke
et al., 1990) might lead to a higher abundance of natural enemies near the herbivore-attacked
site, female adult insects should in principal avoid ovipositing at or near herbivore damaged
spots. Several studies have shown that females use HIPV to choose appropriate host plants.
Evidence exists for both, attractive and repellent effects of a whole volatile bouquet or even
single compounds (for reviews see Dicke and van Loon, 2000; Dicke and Baldwin, 2009).
Due to the variable nature of plant volatile signals the ability to perceive, discriminate
and classify volatile compounds is crucial for insects to generate appropriate behavioral
responses. In insects and more specifically in M. sexta, olfactory sensory neurons (OSNs)
located on the insect antennae detect odorant molecules, e.g. GLVs (Kalinová et al., 2001;
Shields and Hildebrand, 2001; Fraser et al., 2003) and convey this information via electrical
potentials to the brain (Fig. 4.1). OSNs expressing the same receptor, and thus responding to
the same set of odorants, converge onto the same glomerulus in the antennal lobe (AL; Fig.
4.1 B), the first olfactory processing center (Vosshall, 2000). Glomeruli are spherical,
anatomical discrete structures with high synaptic density constituting the functional units of
the AL. Odor processing in the AL is maintained by local interneurons (LNs), which relay
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The crepuscular hawkmoths Manduca sexta and Manduca quinquemaculata (Lepidoptera/
Sphingidae) are native to Southwestern USA. They use a wide range of plant species for
nectar feeding, and for several of these plant species they represent an important pollinator
(Alarcón et al., 2008). Interestingly, Manduca females almost exclusively oviposit on
solanaceous plants (Madden and Chamberlain, 1945; Yamamoto and Fraenkel, 1960;
Mechaber and Hildebrand, 2000). In the great basin desert in Utah Manduca is often
associated with the jimsonweed Datura wrightii and the wild tobacco Nicotiana attenuata
forming an ambivalent relationship as nectar-feeding pollinator on the one hand and as
folivorous insect after oviposition on the other (Mechaber et al., 2002; Mira and Bernays,
2002). Both, N. attenuata as well as D. wrightii respond to Manduca herbivore attack by
emitting HIPVs (Gaquerel et al., 2009; Hare and Sun, 2011), and these volatiles are thought to
influence the host choice of ovipositing Manduca females (De Moraes et al., 2001; Kessler
and Baldwin, 2001). Reduced oviposition of Manduca moths in response to feeding damage
has been shown in a few cases: In field experiments undamaged control plants of N. attenuata
received more eggs of the tomato hornworm Manduca quinquemaculata than plants that were
already damaged by conspecific caterpillars (Kessler and Baldwin, 2001). Similar results have
been shown in the laboratory where female Manduca sexta moths preferred to lay eggs on
intact tomato plants compared to caterpillar damaged plants (Reisenman et al., 2009).
Additionally, spr2 mutants of tomato plants, which release lower amounts of unsaturated
green leaf volatiles (GLVs) and some terpenoids, were preferred over wild type plants by
ovipositing Manduca moths (Sánchez-Hernández et al., 2006).
GLVs constitute a large group of herbivore-induced plant volatiles (HIPVs) with a C6backbone. While emitted only in trace amounts from healthy, undamaged plant tissue, they
are emitted instantly after cell disruption (Turlings et al., 1995; D'Auria et al., 2007). The
increase in emission is transient but can be sustained over days by repetitive wounding by
feeding herbivores (Turlings et al., 1995). GLVs are generated from C18-fatty acids through
the activities of two enzymes, lipoxygenase (LOX) and hydroperoxide lyase (HPL, Allmann
et al., 2010). One of the most abundant GLVs, (Z)-3-hexenal, originates from the cleavage of
α-linolenic acid through the activity of HPL and it partly isomerizes to (E)-2-hexenal. Both
alkenals can be further metabolized by the activity of an alcohol dehydrogenase (ADH) and
alcohol acyltransferase (AAT; D'Auria et al., 2007) to the corresponding alcohols and their
esters (Matsui, 2006).
GLVs have been assigned various plant defense-associated functions. They may
directly inhibit phytopathogens (Hamiltonkemp et al., 1992; Nakamura and Hatanaka, 2002;
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Prost et al., 2005). In addition, GLVs also appeared to repel several herbivore species (De
Moraes et al., 2001; Kessler and Baldwin, 2001; Vancanneyt et al., 2001; Zhang and Schlyter,
2004) although some Lepidopteran larvae use them as feeding stimuli (Halitschke et al., 2004;
Meldau et al., 2009) and other insects, like cockchafers, as sexual kairomones (Ruther et al.,
2002; Ruther, 2004; Reinecke et al., 2005). Thirdly, GLVs are associated with the priming of
plant defenses in adjacent branches and neighbouring plants (Bate and Rothstein, 1998;
Engelberth et al., 2004; Kost and Heil, 2006). Finally, GLVs can establish indirect plant
defenses by attracting foraging predators and host-seeking parasitoids to the plant and its
attacker (Kessler and Baldwin, 2001; Shiojiri et al., 2006; Halitschke et al., 2008) reminiscent
of the role of other HIPVs.
We recently showed that mechanically damaged leaves of N. attenuata released large
amounts of (Z)-GLVs and low amounts of (E)-GLVs. However, when the plant was attacked
by M. sexta caterpillars or when puncture wounds of plant leaves were treated with M. sexta’s
oral secretions (OS), the amount of (E)-GLVs released increased while the amount of (Z)GLVs decreased leading to a distinct change in the (Z)/(E)-ratio of GLV emissions. This
herbivore-induced change in the (Z)/(E)-ratio attracted the generalist hemipteran predator
Geocoris spp., and the approaching predator decreased the herbivore load on the plant by
feeding on caterpillar eggs (Allmann and Baldwin, 2010).
In the present study we addressed the questions if (i) this OS-induced change in GLV
emission also occurs in the related species Datura wrightii at dusk and night, the active
periods of Manduca moths, and if so, whether this difference (ii) elicits specific activity
patterns in the antennal lobe and (iii) prompts gravid Manduca females to avoid ovipositing
on plants with shifted (Z)/(E) ratios in nature.

RESULTS
Application of M. sexta OS to leaf wounds triggers pronounced changes in the GLV profile
of Datura wrightii
To investigate whether application of M. sexta’s OS onto wounded leaves of Datura wrightii
plants causes a similar shift in the (Z)/(E)-ratio as seen for N. attenuata (Allmann and
Baldwin, 2010) we compared the emissions of mechanically wounded D. wrightii plants that
were treated with either water as a control (w+w) or with M. sexta’s OS (w+OS) in growth
chamber experiments. During the day the (Z)/(E)-ratios clearly differed between damaged
leaves that did or did not come into contact with M. sexta’s OS; the application of OS onto the
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wounds caused a significant decrease in the (Z)/(E)-ratio of the main GLVs released from
Datura plants (hexenals, 17-fold; hexenols, 5-fold and hexenyl acetates, 5-fold decrease in the
(Z)/(E)-ratio compared to w+w treated plants (Figs. 4.2A and 4.3A)).
Since Manduca moths are crepuscular and nocturnal insects and thus not active during
the day but during sunset and night (Theobald et al., 2010) we repeated the experiment under
low light and no-light conditions to mimic sunset and night (see Fig. S4.1 for growth chamber
light conditions). Although the (Z)/(E)-ratio of the aldehydes differed significantly between
treatments at all measured times, the difference in the ratios decreased gradually with
decreasing light intensities, from 17-fold during the day to 16-fold at sunset to 4-fold in
complete darkness. This equalization between the treatments was due to a drop in the ratio of
w+w treated plant, which was mainly caused by an increase in the (E)-2-hexenal emissions
(Fig. 4.3 and Table S4.1A). Similarly, treatment-dependent differences in the (Z)/(E)-ratios
for the alcohol and the hexenyl acetate decreased from 5- to 4-fold under lower light
conditions and vanished completely during the night (Fig. 4.2A).
To test whether w+w and w+OS treated plants release GLVs in distinguishable ratios
during the day and especially during the night under natural conditions we trapped volatiles
from a native D. wrightii population in the Utah desert during the field season of 2011. We
performed the experiments on two different days using 8 plants for each sampling. Three
equally sized leaves of each plant were selected and randomly assigned to one of the
treatments (control, w+w or w+OS). For each plant we estimated the total plant damage and
counted the number of flowers. The variation in GLV emissions among plants was generally
high. However, flower numbers and total plant damage did not account for this variation (data
not shown). Similar to previous experiments (Allmann and Baldwin, 2010) we were unable to
detect (Z)-3-hexenal in any of the samples.
On the first experimental day, we collected volatiles during both, day and night.
During the day the application of OS to the wounds caused a significant 2.5-fold increase in
the (E)-2-hexenal emissions when compared to w+w treated leaves (Fig. 4.2B and Table
S4.2A). Average (Z)/(E)-ratios of the alcohol and hexenyl acetate decreased from 8 to 7 and
from 13 to 9, respectively (Fig. 4.2B). However, due to high variation between plants these
changes were not significant.
During the first night-experiment (1st night), plants of both treatments released very
high but similar amounts of (E)-2-hexenal, and the calculated (Z)/(E)-ratios of the alcohols
and hexenyl acetates were very low and did not differ between treatments, resembling the
results of the night trapping in the growth chamber (Figs. 4.2B, 4.3B).
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Figure 4.2. Diurnal changes in the emitted (Z)/(E) ratios of GLVs in Datura wrightii plants.
A) Growth chamber experiment: A single not yet fully developed leaf of each Datura wrightii
plant was mechanically wounded and treated with water (W) or M. sexta OS (OS) during three
different light conditions to mimic day, sunset and night. B) Field experiment: Three single
leaves per plant were chosen and randomly assigned to a treatment (control, w+w (W) or w+OS
(OS)). Values of the control leaf were subtracted from the values of treated leaves. As (Z)-3hexenal was not detectable in any of the field samples (E)-2-hexenal values are displayed in
ng*cm2-1*2h-1. For visual simplifications (Z)/(E)-ratios <1 are represented as their negative
reciprocal. Values above ‘1’ (red dotted line) thus represent treatment-groups that produced
more of the (Z)-isomer and values below ‘1’ represent treatment-groups that produced more of
the (E)-isomer. Asterisks indicate significant differences between treatments (A: Mann-Whitney
U test, p ≤ 0.01 (**), p ≤ 0.05 (*); n=5), (B: Wilcoxon signed-rank test, p < 0.05 (*); n=8). ADH,
alcohol dehydrogenase; AAT, alcohol acyl-transferase. Day and 1st night: 3rd and 3rd to 4th of
June; 2nd night: 14th to 15th of June 2010. Box outlines mark the 25% and 75% percentiles.

Approximately two weeks later we repeated the night-sampling experiment during a very
calm and bright night (2nd night). This time OS-treated plants released significantly higher
amounts of (E)-2-hexenal (2-fold increase compared to w+w treated plants) and the (Z)/(E)ratios of the hexenols and hexenyl acetates were significantly lower compared to
mechanically wounded plants that were treated with water only (Fig. 4.2B). Interestingly, all
plants independent of the treatment had much lower total GLV emissions than during the first
night-sampling (Fig. 4.3 and Tables S4.2B, C).
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Figure 4.3. Total amounts of GLVs released from Datura wrightii plants at different times
of the day in laboratory and field experiments.
Mean release of major GLVs from Datura wrightii plants at different times of the day and at
different light intensities. Grey and white bars represent (Z)- and (E)-GLVs, respectively. Single
leaves were mechanically damaged and volatiles were trapped for two hours immediately after
wounds had been treated with either water (W) or with M. sexta’s OS (OS). A) GLV emissions
of Datura plants under controlled light conditions in a growth chamber. Light conditions are
explained in Figure S1. Quantities are given in nmol/g fresh mass (FM)/ 2h; n=5. B) GLV
emissions of Datura plants naturally grown in the field. Quantities are given in pmol/cm2/ 2h;
n=8. For an approximate comparison between (A) and (B): 50 cm2 leaf area ≈ 1g FM; aldehydes,
red line; alcohols, green line; acetates, blue line;

(Z)- and (E)-GLVs show different activation patterns in the antennal lobes of Manduca
sexta
Plant volatiles provide important information for female Manduca moths to choose
appropriate host plants for their offspring (De Moraes et al., 2001; Kessler and Baldwin, 2001;
Reisenman et al., 2010). To test whether female Manduca moths are physiologically able to
discriminate between (Z)- and (E)- GLVs and between different (Z)/(E)-ratios we performed
functional calcium imaging of the antennal lobes (AL) of female Manduca sexta moths
(Hansson et al., 2003).
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Odor-evoked calcium changes to the (E)- and (Z)-isomers of hexenal, hexenol and hexenyl
acetate led to discrete activity regions most likely corresponding to specific glomeruli in the
AL of M. sexta females (Fig 4.4 A, B). Aldehyde and alcohol isomers activated one specific
region (ROI 2, region of interest 2, green), with stronger responses to the (E)-2-isomers
compared to (Z)-3-isomers (Fig 4.4B and Table 4.2). (Z)-3-hexenyl acetate and its (E)-2isomer activated three different regions in the female AL: a (Z)-3-specific (ROI 3, blue), an
(E)-2-specific (ROI 4, pink) and an isomer-unspecific region (ROI 1, grey, Fig 4.4B and
Table 4.1). Similarity of AL activation patterns was compared by calculating the correlation
coefficients for the (Z)-3 versus (E)-2-isomers ((Z) vs. (E)) of each GLV and as a control the
correlation coefficients for repeated measurements of the same isomer (E/E, Z/Z, Fig 4.4C).
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For (Z)-3-hexenyl acetate and its (E)-2-isomer (Z/E) correlation coefficients differed
significantly from repeated stimulations with the same isomer suggesting that the two odors
(Z)-3- and (E)-2-hexenyl acetate activated OSNs expressing different sets of odorant receptor
types on the female antennae. Correlation coefficients did not differ for hexenal and hexenol,
which leads to the assumption that for M. sexta females changes in the volatile emission of
(Z)-3- and (E)-2-GLVs might primarily be detected via hexenyl acetate.

Since it is very unlikely for an insect to encounter pure isomers in nature, we decided
to study the AL representation of the acetate isomers in more detail by stimulating with
blends of (Z)-3- and (E)-2-hexenyl acetate in different ratios (given as Z/E: 100/0, 80/20,
50/50, 20/80, 0/100) to the female AL. In ROI 3 (blue) calcium signals evoked by (Z)-3hexenyl acetate-containing mixtures were significantly higher compared to stimulations with
pure (E)-2-hexenyl acetate, which in turn did not differ from the mineral oil control (Fig. 4.5B
and Table 4.2). Similar responses were observed for the (E)-2-specific ROI 4 (pink):
stimulation with pure (Z)-3-hexenyl acetate led to significantly lower calcium responses when
compared to pure (E)-2-hexenyl acetate and the 20/80 ratio, but was not different from the
mineral oil control (Fig. 4. 5B and Table 4.2). As expected, calcium responses of the
unspecific ROI 1 (in grey) did not differ between the isomers and isomeric mixtures (Table
4.2 and Fig. 4.5B).
To compare the odor-evoked activation patterns of different (Z)/(E)-ratios we
calculated the ratio of ROI activation using the calcium responses evoked in (Z)-3- and (E)-2specific regions (ROI 3, 4). Stimulations with pure isomers as well as the 20% (Z) / 80% (E)
mixture led to different levels of neural activity in the isomer-specific regions resulting in a
ratio of ROI activation significantly different from 1, the value which would result from equal
Figure 4.4. Calcium activity patterns of the (Z)- and (E)-isomers in the M. sexta antennal
lobe (AL). (A) Morphological view onto the AL of a Manduca sexta female after bath application
with the calcium-sensitive dye Calcium-Green-AM. Stimulations with any of the six tested GLVs
resulted in the activation of 4 regions in the AL corresponding to single glomeruli (4 ROIs,
regions of interest)
(B) Representative false color-coded images show calcium responses in the AL after odor
stimulation. Images are individually scaled to the strongest activation (given by the max value in
each image). Time traces showing activity of ROI 1, 2, 3 and 4 (n=10) in response to odor
stimulation (2sec. grey bar). Error bars represent standard error of mean. For hexenal and hexenol
stimulations with (E)-2-isomers activated ROI 2 significantly higher than stimulations with (Z)-3isomers (Wilcoxon signed-rank test: hexenal: p<0.01, hexenol: p<0.05). ΔF = change in
fluorescence; F = background fluorescence. (C) Comparison of response pattern similarity for
repeated stimulations of one isomer ((Z) vs. (Z) or (E) vs. (E), white boxes) and for both isomers
((E) vs. (Z), grey boxes); sample size is given above the boxes (Mann-Whitney U test: hexenal:
p>0.05; hexenol: p>0.05, hexenyl acetate: p<0.001).
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activation of ROI 3 and ROI 4 (Fig. 4.5C). Activation patterns differed significantly for the
pure isomers, between pure (E)-2-hexenyl acetate and the 50/50 and 80/20 mixture as well as
between pure (Z)-3-hexenyl acetate and the 20/80 mixture (Fig. 4.5C). However, no
differences could be found between the isomeric mixtures (20/80; 50/50; 80/20).
Besides the isomer-specificity for the two hexenyl acetates, ROI 3 and 4 displayed different
response characteristics which are shown in Figure 4.5D. The level of activation of the (Z)-3hexenyl acetate specific ROI 3 (X-axis) is solely dependent on the presence of the (Z)-3isomer and does not differ between various amounts in the isomeric mixes (ranging from
50ng in 20/80 to 250ng in 100/0) suggesting that the input gained by ROI 3 about (Z)-3hexenyl acetate to the AL is restricted to a binary presence/absence information. In contrast,
the calcium signal in ROI 4 (Y-axis) increases gradually with increasing percentage of the
(E)-2-isomer in the isomeric mixtures. Thus, both ROIs act in concert to convey the
information about the perceived ratio of (Z)-3- and (E)-2-hexenyl acetate.
Table 4.1. Average calcium responses (± SEM) in ROI 1-4 to the pure isomers (% ΔF/F).
Maximal change in fluorescene in % ΔF/F
Unspecific ROI 1
(grey)

Aldehyde/alcohol
specific ROI 2
(green)

(Z)-specific ROI 3
(blue)

(E)-specific ROI 4
(pink)

(Z)-3-hexenal

0.36

±

0.09

1.13

± 0.19

0.40

±

0.09

0.30

±

0.09

(E)-2-hexenal

0.44

±

0.13

1.81

± 0.17

0.61

±

0.14

0.46

±

0.14

(Z)-3-hexenol

0.44

±

0.10

1.54

± 0.16

0.61

±

0.14

0.18

±

0.06

(E)-2-hexenol

0.53

±

0.12

1.97

± 0.23

0.67

±

0.15

0.24

±

0.11

0.97

±

0.12

0.34

± 0.13

1.33

±

0.12

0.74

± 0.17

0.96

±

0.16

0.24

± 0.11

0.34

±

0.07

1.53

± 0.13

0.15

±

0.04

0.11

± 0.03

0.12

0.03

0.04

± 0.03

Compound

(Z)-3-hexenyl
acetate
(E)-2-hexenyl
acetate
Mineral oil

(Z)- and (E)-GLVs induce divergent behavioral responses in ovipositing Manduca moths in
nature
To test whether female Manduca moths use the herbivore-specific shift in the (Z)/(E)ratio to choose appropriate host plants for their offspring we performed oviposition assays in
the field during the field season of 2010. We selected two native populations of D. wrightii
plants located close to the Lytle Preserve research station (Santa Clara, UT, USA). On each
experimental day we tested two mixes that contained either only (Z)- or only (E)- GLVs or
both isomers but in different ratios. Since our calcium imaging data suggested that M. sexta
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possesses (Z)-3- and (E)-2-hexenyl acetate specific glomeruli we also tested these two
compounds separately (see Table S4.3 for composition of each GLV-mixture). Experiments
were done in a paired design (Fig. 4.6A) to minimize the volatile ‘noise’ caused by e.g.
different numbers of flowers, different grades of damage or different plant ages.
When plants were perfumed with single isomeric mixtures that consisted of either (Z)or (E)-GLVs (aldehyde, alcohol, hexenyl acetate and hexenyl butyrate, Table S4.3) Manduca
moths laid significantly more eggs on the (Z)- than on the (E)-baited side of the plant (median
difference of 1 egg per plant, Fig. 4.6B). When we tested two GLV mixes that contained all
tested (Z)- and (E)-GLVs in a balanced isomer ratio (1:1) or in a high (Z) versus (E) ratio (9:1)
we counted significantly more eggs on those sides of the plants that were scented with the
higher (9:1) (Z)/(E)-ratio (median difference of 1 egg per plant, Fig. 4.6B). Finally, when we
tested the two different hexenyl acetates we found on average one more egg per plant on those
sides that we had scented with the (Z)-isomer (Fig. 4.6B).

DISCUSSION
In this study we demonstrate that the (Z)/(E)-ratio of the GLV bouquet emitted from D.
wrightii plants differs depending on the presence or absence of M. sexta oral secretions at
wound sites. As OS-specific changes in the (Z)/(E)-ratio were detectable during the night in
field experiments, this volatile signal is likely to be encountered by ovipositing Manduca
females searching for host plants. Optical imaging experiments showed that M. sexta females
possess different OSN populations detecting (Z)-3- and (E)-2-hexenyl acetate, leading to
different activation patterns being evoked by these two isomers in the AL. In field
experiments Manduca females laid less eggs on plants scented with GLV mixtures with
increased percentages of (E)-GLVs.
Several biotic and abiotic factors can have an influence on a plant’s volatile profile
(Hare, 2011) and when studying a single stress factor, in our case simulated herbivore attack
mimicked by the application of M. sexta’s OS onto leaf wounds, it is often necessary to
perform experiments under controlled laboratory conditions. Under such controlled conditions
we could show that the (Z)/(E)-ratio of GLVs released from wounded D. wrightii plants was
clearly decreased by application of M. sexta’s OS onto leaf wounds. However, we also saw a
positive correlation between (Z)/(E)-ratios in wounded plants and light intensities; lower light
intensities resulted in lower (Z)/(E)-ratio of w+w treated Datura leaves (Fig. 4.2). This lightdependent decrease in the (Z)/(E)-ratio mainly resulted from a proportionally higher increase
in the (E)- than in the (Z)-GLVs under low-light conditions (Fig. 4.3, Table S4.1A). It has
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been shown that darkening can cause a temporary burst of GLVs in plants (Graus et al., 2004;
Brilli et al., 2011). Furthermore, in N. attenuata the lipoxygenase NaLOX2, which specifically
provides oxygenated fatty acids for the GLV-pathway, has its highest transcript levels during
the night (Allmann et al., 2010), and, while this might explain the overall increase in GLVs
with decreasing light intensities, it does not explain the specific increase in (E)-GLVs in w+w
treated plants (Fig. 4.3). (3Z):(2E)-enal isomerase activity has been found in crude extracts of
some plants (alfalfa and soybean Takamura and Gardner, 1996; Noordermeer et al., 1999), but
not in N. attenuata, and it needs to be tested whether Datura plants possess such an enzyme
with a nocturnal peak activity.
During the day the total amounts of GLVs emitted did not differ between treatments
(Fig. 4.3). However, under simulated sunset and night conditions OS-treated Datura plants
emitted overall less GLVs compared to w+w treated plants. It has been shown that M. sexta
OS is able to repress the emission of certain compounds of N. attenuata’s volatile bouquet
strongly. Suppressed metabolites included several GLVs, and this OS-induced repression
could largely be attributed to the action of fatty acid-amino acid conjugates (FACs; Gaquerel
et al., 2009). FACs are elicitor compounds present in the OS of M. sexta caterpillars
(Halitschke et al., 2001) and other (lepidopteran) species (Yoshinaga et al., 2007) and they
generally induce plant defenses (Bonaventure et al., 2011). Manduca’s OS also contain
glucose oxidase (GOX; Diezel et al 2009), an enzyme that has an inhibitory effect on the
plant’s direct and indirect defense responses (Musser et al., 2005; Bede et al., 2006; Delphia
et al., 2006; Diezel et al., 2009). Although FACs and/or GOX could account for the observed
OS-induced GLV suppression, it remains an open question why these OS-induced differences
in the total GLV emissions become obvious only under low light and only under controlled
laboratory conditions.
Most research on HIPVs has been done in laboratory studies under controlled
conditions (Hunter, 2002; Kigathi et al., 2009). While these studies provide useful
information about the influence of a single stress factor on plant-plant, plant-herbivore or
tritrophic interactions they often fail to include the entity of all biotic and abiotic stresses,
which influence volatile production under natural conditions (Kigathi et al., 2009). To account
for this, but also to determine whether w+w and w+OS treated Datura plants do or do not
differ in their (Z)/(E) ratios during the night, as concluded from the laboratory studies, we
trapped volatiles in the field from native populations of D. wrightii plants. These field-grown
plants released highly variable amounts of GLVs during day and night (Table S4.2),
subsequently leading to a high variation in (Z)/(E)-ratios within one treatment group (Fig.
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4.2B). This high variation in GLV emissions between plants was likely due to several factors,
including differences in the degree and history of herbivore damage (Shiojiri et al., 2010;
Hare and Sun, 2011), plant age (Hare, 2010) and/or the water supply (Gouinguene and
Turlings, 2002).
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Figure 4.5. Female antennal lobe (AL) shows isomer specific calcium responses to (Z)-3and (E)-2-hexenyl acetate
(A) Representative false color-coded images show calcium responses in the AL after odor
stimulation. Images are individually scaled to the strongest activation (given by the max value
in each image). Time traces show activity of ROI 1, 3 and 4 (n=10) in response to odor
stimulation (grey bar). Error bars represent standard error of mean. (B) Change in fluorescence
in ROI 1, 3 and 4 to the pure isomers and isomeric mixtures, normalized to the highest
activation in every animal. Filled boxes mark responses significantly different from mineral oil
(MO) control, different letters denote significantly different calcium responses (Kruskal-Wallis
and Dunn’s multiple comparison test). (C) Both isomer-specific regions ROI 3 and ROI 4 are
shown as ratio of ROI activation (ROI 3/ ROI 4, for ROI 4 > ROI 3: -1/ratio) at stimulations
with 250 ng. Asterisks indicate significant differences from 1, the ratio at which activation is
equal for ROI 3 and 4 (Wilcoxon signed-rank test, 100/0: 3.6 ± 0.7, 0/100: -2.8 ± 0.3, p<0.01,
20/80: -1.45 ± 0.2, p<0.05). Isomers and isomeric mixtures were tested with Kruskal-Wallis and
Dunn’s multiple comparison test, different letters denote significantly different ratios. (D)
Calcium signals of ROI 3(X-axis) and ROI 4 (Y-axis) (% norm ΔF/F, separated by axes) in
response to odor stimulation (colored boxes) and the solvent mineral oil (grey box). Points
denote the median values, box outlines mark the 25% and 75% percentiles.
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Night-GLV emissions were measured at two different dates, and while (Z)/(E)-ratios were the
same in w+w and w+OS treated plants during the first experimental night, shortly after new
moon, they significantly differed during full moon, the second experimental night. While only
little is known about lunar rhythms in plants (Vogt et al., 2002) and the scientific acceptance
of such rhythms is rather low, lunar rhythms are well established for a number of insect
species, especially for marine species that experience tidal fluctuations (Kaiser et al., 2011)
and it needs to be tested whether these rhythms also have an influence on GLV-emissions in
plants. Additionally, although quantitative differences in light intensities between the two
experimental nights were not detectable in measurements they were visible to the human eye.
It is known that for several volatile compounds the quantitative but also the qualitative
emission pattern exhibits diurnal photoperiodicity (Loughrin et al., 1994; Turlings et al.,
1995). Acyclic terpenes like β-farnesene and β-ocimene were emitted in a diurnal fashion
while GLVs and few terpenes did not show such a clear diurnal pattern (Loughrin et al., 1994).
Diurnal-rhythm-dependent emission was also observed in N. tabacum after feeding by larvae
of Heliothis virescens, M. sexta and Helicoverpa zea as these plants released higher amounts
of (E)-2-hexenal during the night and emitted other GLVs exclusively in the dark period (De
Moraes et al., 2001). Experiments on lima beans revealed that leaves damaged during the
scotophase responded with an almost immediate nocturnal emission of (Z)-3-hexenyl acetate,
while the main emission of β-ocimene was delayed and peaked during the photophase
(Arimura et al., 2008). These studies affirm that light plays an important regulatory role in
volatile emissions, but it is not clear whether moonlight could serve as a sufficient light signal
to regulate volatile emissions.

Table 4.2. Average change in fluorescence (± SEM) in hexenyl acetate-activated ROIs for the pure
isomers and isomeric mixtures, normalized to the highest activation in every animal (% norm ΔF/F).
change in fluorescene in % norm ΔF/F
(Z)/(E) %

Unspecific ROI 1
(grey)

(Z)-specific ROI 3
(blue)

100/0

43.1

±

10.3

59.8

±

7.1

19.5

±

80/20

48.9

±

7.8

63.1

±

7.8

51.8

± 10.4

50/50

44.7

±

8.4

63.2

±

7.7

58.7

±

6.6

20/80

49.5

±

8.4

58.8

±

6.0

80.8

±

7.5

0/100

44.5

±

9.1

28.6

±

3.9

72.7

±

7.1

Mineral oil

-1.5

±

2.5

-2.3

±

2.6

2.6

±

2.6
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In any case, GLVs seem to play an important role in volatile ‘communication’ as almost every
green plant releases them upon various stress conditions. Furthermore, GLVs are released
instantly from plant tissue upon damage (Turlings et al., 1995; D'Auria et al., 2007),
independent of the time of the day, while terpenoids are released with a delay (Kant et al.,
2004) and several terpenoids not at all during the night as they are linked to photosynthesis
(Arimura et al., 2008). This makes GLVs an important cue for ovipositing Manduca moths as
they are active during sunset and night (Theobald et al., 2010) and thus need to rely on signals
that are released by the plant during the scotophase.
The use of volatile blends for host location by insects depends heavily on the ability to
perceive and process olfactory signals. The insect’s olfactory system is highly sophisticated
and enables detection of odors at very low concentrations (Bruce and Pickett, 2011). However,
it is a smelly world out there and insects thus need to filter host odors against a high
background noise. Plant volatiles are detected by OSNs and these can be tuned to very
specific (Bruce and Pickett, 2011) or to ubiquitous host plant compounds (Hansson et al.,
1999; Bruce et al., 2005). We found that stimulations with hexenal- and hexenol-isomers led
to activation of one distinct region in the AL (Fig. 4.4). However, calcium signals evoked in
this region by (E)-2-isomers were significantly stronger compared to (Z)-3-isomers. This
difference in activation intensity may arise due to different binding affinities of the isomers to
the receptor expressed by the OSNs (Hallem et al., 2004; Hooper et al., 2009) or due to
differences in the abundance of isomer-specific OSNs, which project onto the same ROI in
the AL (Couto et al., 2005; Fishilevich and Vosshall, 2005). In the latter case, AL processing
could result in different signals for both isomers in higher brain centers like mushroom bodies
or lateral horn and thus, contribute to different behavioral responses.
Of all tested compounds, only the (Z)-3- and (E)-2-isomers of hexenyl acetate
activated two different discrete regions in the AL of M. sexta females (Figs. 4.4 and 4.5)
suggesting different isomer-specific OSN types on the insect antenna. Given the limitation in
receptor numbers to about 70 in female M. sexta (Grosse-Wilde et al., 2011) the investment in
isomer-specific receptors and glomeruli to detect and process rather ubiquitous volatiles like
GLVs underlines the information content transferred by the respective compounds and their
ratios. Specific responses towards different types of green leaf volatiles have been reported
both at the physiological (Hansson et al., 1999; Røstelien et al., 2005) and the behavioral level
(Reinecke et al., 2005). Recently, Reisenmann et al (2010) reported that Manduca moths were
able to distinguish between two enantiomers; while (+) linalool was attractive to ovipositing
M. sexta females, (-) linalool had the adverse effect. Interestingly, Manduca did not
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discriminate between these two enantiomers when foraging, which suggests that isomers can
have differential effects on feeding and oviposition through different neural pathways: one
that is sexually isomorphic and non-enantioselective, and another that is female-specific and
enantioselective (Reisenman et al., 2010). In this context it would be interesting to test
whether the isomer-specificity for hexenyl acetate of the female AL can be found also in
males.

26.05.

B

30.05.

(Z)

03.06.

(E)

07.06.

27.06.

difference in egg numbers per plant

(Z)-acetate vs. (E)-acetate

(Z)-acetate vs. (E)-acetate

(Z) vs. (E)

timescale of experiment

1:1 vs. 9:1

A

31.06.
(3)

(1)

(2)

4
1) (Z)- minus (E)- isomers
2) 9:1 minus1:1 ratio
2
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0
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(n=30)

112

ratios
p=0.001
(n=16)

acetates
p=0.001
(n=44)

(Z)/(E)-CONVERSION OF GLVS AS SIGNAL FOR MANDUCA
For hexenyl acetate the AL activation pattern for stimulations with mixtures of both
isomers were purely additive suggesting no mixture interaction at the OSN and AL input level,
which is consistent with other studies (Galizia et al., 1999; Deisig et al., 2006; Carlsson et al.,
2007; Silbering and Galizia, 2007). When comparing the ratio of ROI activation, we did not
find any difference between the isomeric mixtures (Fig. 4.5C). This result is not surprising
when taking into account the different response characteristics of ROI 3 and 4. Calcium
activity of ROI 4 in response to mixes with increasing percentages of the (E)-2-isomer
resembled a dose-dependent response whereas the activation of ROI 3 to the same mixes
resembled more an ‘on-off’ mechanism and was thus solely dependent on the presence of the
(Z)-3-isomer, leading to a constant bias towards (Z)-3-hexenyl acetate (Fig. 4.5B, D).
Correspondingly, AL mixture processing and projection neuron output has been described as
a highly combinatorial but predominantly non-linear scheme not necessarily reflecting
ratiometric coding (Kuebler, 2011).
The different response characteristics of ROI 3 and 4 might mirror the relevance of the
odors for M. sexta females. (Z)-3-hexenyl acetate is a rather ubiquitously occurring plant
volatile, which is released in high amounts after plant damage irrespective of its origin
(Arimura et al., 2008; Mumm and Dicke, 2010). Electrophysiological experiments revealed a
high grade of representation of this compound in the female M. sexta olfactory system: 60 %
of the tested sensilla on female antennae (personal communication, Späthe) as well as 21 out
of 34 cells in the female AL (Kuebler et al., 2011) responded to this compound. (E)-2-hexenyl
acetate, in contrast, is rather rarely reported in insect-plant interactions besides its emergence
after larval feeding of M. sexta on N. attenuata (Allmann and Baldwin, 2010) as an indication
of actual larval damage. Thus, the presence of each isomer can contain specific information
but at different levels of resolution. In the case of (Z)-3-hexenyl acetate, the detected signal

Figure 4.6. Manduca moths laid more eggs on the (Z)- than on the (E)-baited side of
the plant.
A) The effect of different GLV-mixes on the ovipositing behavior of female Manduca
moths was tested during the field season 2010 on native Datura wrightii plants. On each
experimental day two different mixes were tested in a paired design. Mixes used on
different experimental days are plotted above the timeline. The composition of each mixture
is described in Table S3. B) Difference in egg numbers oviposited per plant. Higher
oviposition rates were observed for the (Z)-baited side of the Datura plant, while the (E)baited side had less oviposited eggs. The composition of all mixtures is described in Table
S3. Treatment pairs with no oviposited eggs were excluded prior to the statistical analysis
(Wilcoxon signed-rank test). Mean (± SEM) number of eggs oviposited per plant: (Z)-3hexenyl acetate 1.5 ± 0.4, (E)-2-hexenyl acetate 0.89 ±0.2; (Z)-isomers 1.0 ± 0.2, (E)isomers 0.45 ±0.1; “9:1”-ratio 1.75 ± 0.2; “1:1”-ratio 0.56 ± 0.2
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might also be relevant in long-range host location and host choice. Information about (E)-2hexenyl acetate, gained by ROI 4 in a dose-dependent fashion should be most valuable at
short distance to the plant, possibly to locate the best spot for oviposition depending on the
actual amounts emitted by different plant sites.

Experiments in which insects have been exposed to single volatile compounds or to
volatile mixtures have revealed that volatile blends evoke a stronger behavioral response than
single compounds (Bruce et al., 2005; Bruce and Pickett, 2011; van Wijk et al., 2011). In a
recent study Riffell et al. (2009) showed that foraging Manduca moths responded only to
flower-specific volatile mixtures with a host-directed flight behavior and not when random
mixes or single compounds were given as odor source. Furthermore, numerous studies
suggest that the ratio of plant volatiles is an important component of the olfactory signal
(Visser and Avé, 1978; Bruce et al., 2005; Bruce et al., 2009; Cha et al., 2011). In the case of
the oriental fruit moth Grapholita molesta the ratio of a minor compound to the remaining
components of a plant-derived synthetic mix determined the behavioral acceptance of this mix,
which could be linked to the response of two glomeruli in the female AL (Piñero et al., 2008;
Najar-Rodriguez et al., 2010).
We found that ovipositing Manduca moths distinguished between different (Z)/(E)ratios and that they used these volatile cues to choose appropriate oviposition sites. However,
independent of whether the mixes tested were rather complex in their composition (9:1 vs. 1:1
ratios), or less complex (only (Z)-GLVs vs. only (E)-GLVs), or consisted only of a single
compound ((Z)-3-hexenyl acetate vs. (E)-2-hexenyl acetate) ovipositing Manduca moths
continuously made a choice and always preferred those sides of the plant that smelled more
like (Z)-GLVs, or less like (E)-GLVs (Fig. 4.6B). From our results we cannot conclude
whether a complex GLV bouquet in different ratios provided more reliable information for the
moths than single compounds, but our results do show that adding one single component to
the background volatile bouquet of native D. wrightii plants altered the choice of ovipositing
Manduca moths.

CONCLUSION
Nature is not only colorful but also very fragrant as almost every green plant releases
volatiles in a highly variable fashion. This makes it a challenge for host searching insects to
simultaneously extract useful information while flying through the odor plumes of multiple
sources. Our results show that the antennal lobe, the first odor processing center of the insect
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brain, has the capacity to resolve the composition of GLV blends as emitted by highly
relevant host plants. Correspondingly, gravid females make an informed choice. They prefer
oviposition sites where predation and competition risks are reduced for their offspring, as
indicated by the plant volatile bouquet. Future work will reveal whether increasing amounts
of (E)-GLVs or rather changes in the (Z)/(E)-ratio at the background of other host odors
provide the crucial information for female Manduca moths. Little is known about nocturnal
volatile emissions from vegetative tissues and, thus, more work is needed to understand their
regulatory mechanisms.

MATERIAL AND METHODS
Plant Material and Growing Conditions
Datura wrightii seeds were initially purchased from B & T World Seeds, Paguignan,
France and subsequently harvested from plants propagated in the greenhouse. Plants were
grown in 2 L pots in the greenhouse (23 to 25°C, 50-70 % humidity, 16 h light supplemented
by Philips Sun-T Agro 400 W Na-vapor bulbs, 350 - 500 µmol m-2 s-1 photosynthetic photon
flux at plant level) and used for experiments 35 - 40 days after sowing.
For field experiments we used native populations of D. wrightii plants which were located
close to the Lytle Preserve research station (Santa Clara, UT, USA).

Plant Treatments
For all treatments in the growth chamber and in the field plants were wounded with a
fabric pattern wheel to punch three rows of holes on each side of the midrib. Wounded leaves
were immediately treated with 20 μL of deionized water (w+w) or with 1:3 (v/v) diluted
Manduca sexta oral secretions (w+OS) which were pipetted directly onto the wounded leaf
and gently dispersed across the surface. The OS was collected from 3rd to 5th instar caterpillars
which were fed on D. wrightii plants, and OS was stored at -20°C until usage. Prior to use OS
was centrifuged to remove any particles.

Volatile Collection
Volatile collections were performed in a growth chamber (temperature 23-25°C,
humidity 50-60%) on shelves equipped with diode arrays of white (ca 420 – 690 nm), red
(630 – 690 nm) and UV (380 – 420 nm). Light intensity and composition of the diode types
were changed within 24 h to simulate sunrise, daylight, sunset and night conditions
accordingly (Details of the program are described in Fig S1).
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D. wrightii plants were placed in the chamber two days prior the experiment to acclimatize.
On the experimental day one single leaf per plant was enclosed immediately after treatment
between two 50 mL food-quality plastic containers (Huhtamaki, Bad Bertricher, Germany;
www.polarcup.de) secured with miniature claw-style hair clips. Ambient air was pulled
through the collection chamber and a glass tube (ARS, Inc., Gainsville, FL, USA; www.arsfla.com) packed with glass wool and 20 mg of Super Q (Alltech, Düsseldorf, Germany;
www.alltech.com). Airflow was created by a vacuum pump (model DAAV114- GB, Gast
Mfg, Benton Harbour, MI, USA; www.gastmfg.com) as described by Halitschke et al. (2000)
For each time point and each treatment we trapped volatiles from five replicate plants.
Directly after volatile sampling we determined the fresh mass (FM) of each trapped leaf for
further calculations.
In the field, we selected 8 plants for each measurement in a 10 m radius. For each
plant we estimated the total leaf damage and we counted the number of flowers. To account
for differences in volatile emissions caused by different degrees of leaf damage we selected 3
equally sized leaves of each plant and randomly assigned each leaf to one of the treatments
(control, w+w or w+OS). Since trappings were done in the field we did not measure the fresh
mass of the trapped leaves but photographed each leaf and calculated the leaf area. We
subsequently subtracted the amounts of volatiles emitted from untreated control leaves from
those emitted from treated leaves of the same plant. We used a Li-COR Li-250A light meter
with a Li-190SA quantum sensor (http://www.licor.com) to measure the photosynthetic active
radiation during the different trapping periods. The first two trappings were done on the 3rd
and 4th of June, closely after new moon. During the day volatiles were sampled from 1:30 to
3:30 pm at an average light intensity of 1450 µmol s-1 m-2. During the night volatiles were
sampled from 0 to 2 am; light intensity was below the detection limit. The second trapping
was done in the night from the 14th to the 15th of June. Although it was a very calm and bright
night (full moon) the average light intensity was below the detection limit. On the
experimental day we enclosed single leaves directly after elicitation in polystyrene chambers
fitted with holes at both ends. Air was pulled through the chamber and subsequently through a
single-use charcoal trap (Orbo M32, Sigma-Aldrich, Germany) as described in Kessler and
Baldwin (2001). Charcoal traps were equipped with MnO2-coated copper gauze as ozone
scrubbers (OBE Corporation, Fredericksburg, TX, USA) to prevent oxidation of volatiles.
In all experiments volatiles were trapped for 2 h immediately after elicitation.
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Both, charcoal and SuperQ traps were eluted with 250 μL dichloromethane (DCM) into a GC
vial after spiking each SuperQ trap with 320 ng and each charcoal trap with 240 ng tetralin
(Sigma-Aldrich, Germany; www.sigmaaldrich.com) as an internal standard.

Volatile Analysis and Quantification
Samples were analyzed on an Agilent 7890A instrument (Agilent Technologies, CA,
USA) with the injection port kept at 230°C, operated in split-less mode and connected to an
Agilent 5975C mass spectrometer. One µL of each sample was injected on a polar column
(Innowax; 30 m, 0.25 mm ID, 0.25 µm film thickness; J&W Scientific, Folsom CA, USA)
operated under a constant He flow of 1.1 mL/min. The MS was operated in electron impact
mode (70 eV) with the ion source at 230°C and the quadrupole at 150°C. The GC oven was
programmed to hold 40°C for 5 min, to increase the temperature at 5°C/min to 130°C, then
increasing temperature at 30°C/min to a maximum of 240°C. The maximum temperature was
held for 15 min. The transfer line to the MS was kept at 260°C. To increase detector
sensitivity the MS was operated in selected ion monitoring (SIM) mode (hexenals: m/z 55, 69,
83; hexenols: m/z 55, 57, 67, 82; hexenyl acetates: m/z 67, 71, 82; tetralin: m/z 104, 132).
GLVs were identified using standard solutions of (Z)-3-hexenal, (E)-2-hexenal, (Z)-3hexenol, (E)-2-hexenol, (Z)-3-hexenyl acetate, (E)-2-hexenyl acetate, (Sigma-Aldrich,
Germany; www.sigmaaldrich.com) and quantifications were done with calibration curves for
each compound (33 ng, 10 ng, 5 ng, 1 ng, 0.5 ng, 0.1ng; n = 3 replicates) using single ion
traces (hexenal m/z 83, hexenol and hexenyl actetate m/z 82). Emission rates were calculated
based on fresh mass or surface area of the sampled leaves.
(Z)/(E)-ratios were calculated for each sample dividing the amount of the (Z)-GLV by the
amount of its corresponding (E)-isomer. For visual simplifications (Z)/(E)-ratios <1 were
depicted as their negative reciprocal.

Insect rearing
Manduca sexta (Lepidoptera, Sphingidae) females were reared as described in
(Grosse-Wilde et al., 2011). Pupae were kept separately in paper bags at 25°C and 70%
relative humidity under a 16 h:8 h light/dark cycle until beginning of physiological
experiments. Naïve adult females were tested 2-4 days post emergence.
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Odorants tested with optical imaging
Odors were chosen based on the results of a previous study (Allmann and Baldwin,
2010) and on volatile collections of D. wrightii plants done for this study (Fig 1). We tested
GLVs that showed a change in the ratio of (Z)-3- and (E)-2-isomers in the volatile emission of
N. attenuata and D. wrightii plants caused by the presence of oral secretion of M. sexta larvae
in plant wounds: hexenal, hexenol and hexenyl acetate (Sigma Aldrich, Germany;
www.sigmaaldrich.com). Odors were diluted in mineral oil (Sigma Aldrich, Germany;
www.sigmaaldrich.com) and used in doses of 25 ng, 250 ng and 2500 ng for the comparison
of pure isomers. Hexenyl acetate was additionally tested as percentage mixtures of its (Z)-3and (E)-2 isomers ranging from 0/100, 20/80, 50/50, 80/20 to 100/0 percent (v/v) in doses of
250 ng and 1250 ng.

Preparation and staining of adult females of Manduca sexta
Moths were restrained in 15 ml Falcon tubes with the head exposed and fixed with
dental wax (Surgident, Heraeus Kulzer, Dormagen, Germany). The head capsule was opened
and all tissues covering the antennal lobes were carefully removed. The brain was stained
with

Calcium

Green-2

AM

(30

μmol;

Invitrogen,

Darmstadt,

Germany,

http://www.invitrogen.com) containing physiological saline solution with 6% Pluronic F-127,
(Invitrogen, Darmstadt, Germany; http://www.invitrogen.com) for 90 min at 4°C. After
staining the brain was rinsed several times with Ringer’s solution to remove remaining dye.

Optical imaging of the antennal lobes
For imaging we used a Till Photonics imaging system (Martinsried, Germany)
equipped with a CCD camera (PCO Imaging, Sensicam) connected to an upright microscope
(Olympus BX51WI). Monochromatic excitation light was given at 475 nm (500 nm SP;
Xenon arc lamp, Polychrome V) and fluorescence was detected with a LP515 emission filter
and transmitted by a DCLP490 dicroic filter. The set-up was controlled by the software
Tillvision 4.0 (Till Photonics). Images were taken with a water immersion objective
(Olympus, 10x/0.30). Four-fold symmetrical binning resulted in image sizes of 344 x 260
pixels with one pixel corresponding to an area of 4 µm x 4 µm (10 x magnifications).

Odorant stimulation
Six µL of the odorant mixtures were pipetted freshly prior to every experiment on a
filter paper (Whatman, http://www.whatman.com/) in glass pipettes using doses of 25 ng,
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250 ng, 1250 ng and 2500 ng, respectively. The same volume of mineral oil served as a
control stimulus. The glass pipette was inserted into a glass tube which delivered a constant
flow of clean humidified air (1 L/min) along one antenna. Alteration of the airflow during
stimulation was prevented by a second glass pipette adding a continuous clean airstream (0.1
L/min) which could be switched to the odor-containing pipette (Syntech Stimulus Controller
CS-55).
Every stimulation experiment lasted for 10 sec, with 2 sec of odor stimulation. Interstimulus time of at least 1 min was chosen to reduce adaptation effects. Every mix was
presented first in the lower concentration. The animal’s response to the higher concentration
was only analyzed in absence of a response to the lower one. The sequence of the stimulations
was changed from animal to animal. In some females (hexenal n=5, hexenol n=7, hexenyl
acetate n=4), the odors were repeatedly measured to test for the reproducibility of the evoked
activity patterns within an animal.

Processing of optical imaging data
All stimulation experiments were recorded with 4 Hz resulting in a series of 40
consecutive frames which were analyzed with custom written software (IDL, ITT Visual
Informations Solutions). Data were corrected for background fluorescence, bleaching of the
dye and movement during the measurement to increase the signal-to-noise ratio (Sachse and
Galizia, 2002, 2003). Additionally, a spatial median filter with a width of 5 pixels was applied
to remove outliers.
Odor responses represented as change in fluorescence (ΔF/F) at spatially distinct
activity spots were recorded at the spot center in an area of the size of a small to mediumsized glomerulus (60 µm x 60 µm). Time traces of ΔF/F were smoothed by averaging three
successive frames for each activity spot. The maximum ΔF/F value after stimulus onset was
averaged with the pre- and postmaximum value. For every animal the odor responses were
normalized to the maximal response and were taken into account if they reached ≥ 30% of the
maximal value in this animal in at least one activity spot.

Analysis of activity patterns in the moth antennal lobe (AL)
Due to the lack of a glomerular map in the M. sexta AL observed activity regions for
the tested odors can’t be directly compared between animals. Thus, for every isomeric pair of
hexenal, hexenol and hexenyl acetate observed activation patterns were used to calculate
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correlation coefficients providing a relative measurement of similarity. Repeated stimulations
with the same isomer and the correlation coefficients thereof were used as control.
To compare activity patterns between the different isomeric mixtures of hexenyl acetate we
calculated the difference in activity of both isomer-specific glomeruli resulting from the ratio
of activity in the (Z)-specific and the (E)-specific glomerulus. For visual simplifications
values below 1 (representing cases in which the (E)-specific glomerulus was more active than
the (Z)-specific glomerulus) were displayed as their negative reciprocal and all values were
presented on a scale without the range between “-1” and “1” (Fig. 4.5C).

Oviposition Assay in the Field
Experiments were done between 26th of May and 1st of July 2010 in southwestern
Utah. This area is part of the native habitat of the tobacco and tomato hawkmoths Manduca
sexta and M. quinqemaculata. Eggs of both species were counted for this experiment. We
selected between 15 and 17 plants of two native populations of D. wrightii plants which were
located close to the Lytle Preserve research station (Santa Clara, UT, USA). All plants were
carefully inspected and oviposited Manduca eggs were removed prior the experiment. On
each experimental day two mixes were tested in a paired design: every evening before sunset
cotton swabs were dipped into the GLV-scented lanolin pastes and stuck onto two opposing
branches of one Datura plant. This paired design was chosen to minimize the effect that
different numbers of flowers or different grades of leaf damage might have on the oviposition
behavior of the moths. On the next day freshly laid Manduca eggs were counted in a defined
area on the plant, approx 30 cm around the scented cotton swabs and afterwards removed.
Treatment sides were switched every day. The GLV-scented lanolin pastes were prepared by
warming up lanolin and adding different GLV-mixtures to the liquefied lanolin paste shortly
before it solidified again. The GLV mixes used are described in Table S4.3.

Statistical analysis
All statistical tests were performed with SPSS 17.0 and XLSTAT 2009 software
packages.
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SUPPORTING INFORMATION

Table S4.1A. GLV emission of Datura wrightii plants in the first 2h after w+w or w+OS treatment
with 100% light (day).
class

common Name

aldehyde

(Z)-3-hexenal
(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
(Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

alcohol
hexenylester

RT
8.54
10.49
14.98
15.57
13.28
13.75
17.07
17.44

volatile release in nmol / g fresh mass
w+w
w + OS
6.48
±
2.98
0.99
±
0.28
2.25
±
1.11
7.15
±
1.74
13.01
±
5.10
10.63 ±
2.75
0.58
±
0.34
1.95
±
0.34
11.21
±
3.11
13.50 ±
1.71
0.12
±
0.03
0.74
±
0.13
0.17
±
0.05
0.30
±
0.09
0.04
±
0.02
0.08
±
0.03

p-value
0.140
< 0.05
0.696
< 0.05
0.536
< 0.001
0.245
0.209

Table S4.1B. GLV emission of Datura wrightii plants in the first 2h after w+w or w+OS treatment
with 20 - 10% light (sunset).
class

common Name

aldehyde

(Z)-3-hexenal
(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
(Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

alcohol
hexenylester

RT
8.54
10.49
14.98
15.57
13.28
13.75
17.07
17.44

volatile release in nmol / g fresh mass
w+w
w + OS
16.50
±
5.10
2.61
±
1.21
13.09
±
7.89
17.21
±
7.10
16.22
±
4.32
9.25
±
3.08
4.52
±
3.14
4.35
±
1.83
11.37
±
3.03
9.04
±
3.59
1.25
±
0.84
1.11
±
0.47
0.23
±
0.06
0.15
±
0.04
0.08
±
0.02
0.06
±
0.01

p-value
< 0.05
0.708
0.225
0.964
0.633
0.894
0.279
0.554

Table S4.1C. GLV emission of Datura wrightii plants in the first 2h after w+w or w+OS treatment
with 0% light (night).
class

common Name

aldehyde

(Z)-3-hexenal
(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
(Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

alcohol
hexenylester

RT
8.54
10.49
14.98
15.57
13.28
13.75
17.07
17.44

volatile release in nmol / g fresh mass
w+w
w + OS
17,48
±
7,46
2,81
±
1,55
24,72
±
5,31
12,43
±
3,66
11,81
±
3,50
8,10
±
3,30
7,91
±
1,40
3,67
±
0,78
4,41
±
1,88
4,98
±
1,86
0,65
±
0,28
0,58
±
0,21
0,13
±
0,05
0,12
±
0,06
0,06
±
0,01
0,06
±
0,02

p-value
0.121
0.093
0.463
< 0.05
0.835
0.847
0.904
0.758

Mean (± SEM; n=5) release of GLVs in Datura Wrightii plants. A single not yet fully developed leaf
of each plant was mechanically wounded and treated with water (w+w) or M. sexta OS (w+OS) during
the day (A, 100% light), sunset (B, 20-10% light) and night (C, 0% light). Volatiles are listed by
chemical classes and with their retention time. Differences between w+w and w+OS emissions were
determined with a Student’s t-test and significant differences were displayed in bold (p<0.05).
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Table S4.2A. GLV emission of native Datura wrightii plants in the field (2011) during the first 2h
after w+w or w+OS treatment; Day (1:30-3:30pm).
class

common Name

(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
hexenylester (Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate
aldehyde
alcohol

volatile release in nmol / cm2 leaf

RT
10.87
15.38
15.97
13.66
14.13
17.44
17.8

control
0.062
±
0.137
±
0.248
±
0.260
±
0.010
±
0.011
±
0.004
±

0.006
0.067
0.035
0.083
0.002
0.002
0.001

1.016
1.212
0.368
11.138
0.872
0.217
0.006

w+w
±
±
±
±
±
±
±

0.233
0.280
0.088
1.881
0.396
0.181
0.002

w + OS
2.433
±
2.074
±
0.571
±
12.277
±
1.342
±
0.193
±
0.006
±

0.597
0.465
0.148
2.067
0.564
0.142
0.001

p-value
<0.05
0.063
0.068
0.692
0.053
0.577
0.305

Table S4.2B. GLV emission of native Datura wrightii plants in the field during the first 2h after w+w
or w+OS treatment; 1st night (0-2am).
class

common Name

(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
hexenylester (Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

aldehyde
alcohol

volatile release in nmol / cm2 leaf

RT
10.87
15.38
15.97
13.66
14.13
17.44
17.8

control
±
±
±
±
±
±
±

0.103
0.032
0.296
0.165
0.009
0.006
0.002

0.013
0.006
0.023
0.028
0.001
0.001
0.000

w+w
±
±
±
±
±
±
±

24.592
9.573
4.121
10.684
1.137
0.022
0.006

7.844
2.028
0.955
3.621
0.371
0.008
0.002

w + OS
±
±
±
±
±
±
±

22.493
8.202
2.894
11.527
1.151
0.040
0.007

5.312
3.734
0.855
4.291
0.306
0.022
0.003

p-value
0.846
0.695
0.263
0.884
0.980
0.314
0.265

Table S4.2C. GLV emission of native Datura wrightii plants in the field during the first 2h after w+w
or w+OS treatment; 2nd night (0-2am).
class

common Name

(E)-2-hexenal
(Z)-3-hexenol
(E)-2-hexenol
hexenylester (Z)-3-hexenyl acetate
(E)-2-hexenyl acetate
(Z)-3-hexenyl butyrate
(E)-2-hexenyl butyrate

aldehyde
alcohol

volatile release in nmol / cm2 leaf

RT
10.87
15.38
15.97
13.66
14.13
17.44
17.8

control
±
±
±
±
±
±
±

0.057
0.036
0.185
0.097
0.010
0.001
0.001

0.009
0.018
0.020
0.028
0.003
0.001
0.001

4.720
3.954
0.974
4.787
0.741
0.024
0.004

w+w
±
±
±
±
±
±
±

1.878
1.221
0.431
2.119
0.505
0.015
0.003

w + OS
±
±
±
±
±
±
±

9.525
2.939
1.454
9.381
1.764
0.035
0.006

4.010
0.519
0.559
4.713
0.973
0.012
0.002

p-value
0.091
0.433
0.399
0.385
0.325
0.375
0.644

Mean (± SEM; n=5) release of GLVs in Datura Wrightii plants in nature. A single not yet fully
developed leaf of each plant was mechanically wounded and treated with water (w+w) or M. sexta OS
(w+OS) during the day (A, 1:30-3:30pm) and during night (B, 1st night, C, 2nd night, 0-2am). Volatiles
are listed by chemical classes and with their retention time. Differences between w+w and w+OS
emissions were determined with a paired sample T-test and significant differences were displayed in
bold (p<0.05).
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Table S4.3. GLV-mixtures used for oviposition assay in the field.

(E)-GLVs

(Z)-GLVs

A

Compounds (common names)

(µg/µl lanolin)

(µg/µl lanolin)

5.0

9.0

(Z)-3-hexenol

5.0

9.0

(Z)-3-hexenyl acetate

0.05

0.09

(Z)-3-hexenyl butyrate

0.05

0.09

(E)-2-hexenal

5.0

1.0

(E)-2-hexenol

5.0

1.0

(E)-2-hexenyl acetate

0.05

0.01

(E)-2-hexenyl butyrate

0.05

0.01

51.25 µL

92.2 µL

triacetin added per 10mL mix

40.95 µL

0 µL

Total amount of triacetin per
10mL mix

92.2 µL

92.2 µL

from (Z)-3-hexenal)

(Z)-GLVs
(E)-GLVs

(Z)/(E)-mix 9:1; ≈ w+w

(Z)-3-hexenal (50% in triacetin)

triacetin per 10mL mix (derived

B

(Z)/(E)-mix 1:1; ≈ w+OS

Only (Z)-mix

Only (E)-mix

(µg/µl lanolin)

(µg/µl lanolin)

(Z)-3-hexenal (50% in triacetin)

10.0

0.0

(Z)-3-hexenol

10.0

0.0

(Z)-3-hexenyl acetate

0.1

0.0

(Z)-3-hexenyl butyrate

0.1

0.0

(E)-2-hexenal

0.0

10.0

(E)-2-hexenol

0.0

10.0

(E)-2-hexenyl acetate

0.0

0.1

(E)-2-hexenyl butyrate

0.0

0.1

102.5 µL

0 µL

0 µL

102.5 µL

102.5 µL

102.5 µL

(Z)-3-hexenyl acetate

(E)-2-hexenyl acetate

(µg/µl lanolin)

(µg/µl lanolin)

(Z)-3-hexenyl acetate

5.0

0.0

(E)-2-hexenyl acetate

0.0

5.0

Compounds (common names)

triacetin per 10mL mix (derived
from (Z)-3-hexenal)

triacetin added per 10mL mix
Total amount of triacetin per
10mL mix
C

Compounds (common names)
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volatile collection events
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Figure S4.1. Light conditions during laboratory volatile collection
Light composition and intensity changed within 24 hours to simulate day (1), sunset (2) and night (3)
condition. Photosynthetically active radiation (PAR, μmol photons*m-2*s-1) was measured for every
light composition and ranged from 0.39 ± 0.01 SE at night to 138.37 ± 0.09 SE at full day conditions.
For the graph values were logarithmized. Grey areas denote volatile collection events, respective light
spectra are shown on the right. For representational reasons time scale starts at 2 am.
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CHAPTER 5
ABSTRACT
Plants release volatiles into the air upon herbivore attack and such herbivoreinduced volatile blends can contain specific information about the attacker. We
recently discovered that the oral secretions (OS) of the lepidopteran larva
Manduca sexta contain a heat-labile compound that, when it comes in contact
with leaf wounds, converts the leaf aldehyde (Z)-3-hexenal to its (E)-isomer, (E)2-hexenal. This herbivore-specific conversion of the volatile profile tripled the
foraging efficiency of the generalist predator Geocoris spp. for M. sexta eggs and
reduced the oviposition rate of Manduca moths on these plants. Here we report
our first results on the characterization and purification of (3Z):(2E)-enal
isomerase activity from M. sexta’s OS. We show that the isomerizing compound
is of proteinaceous nature, is larger than 50kDa and active over a wide pH range.
With conventional biochemical fractionation techniques we were able to partially
purify the activity. LC-MS/MS analysis of the most active fraction yielded the
identification of several candidate peptide masses. These are the first steps that
will allow us to identify the isomerase gene from M. sexta.

Image description front page
Upper left panel: Oral secretions are collected from 3rd to 5th instar caterpillars of Manduca sexta.
Upper right panel: FPLC equipment to fractionate the oral secretions of Manduca sexta.
Lower left panel: 10% Polyacrylamide SDS-Gel with OS samples of Nicotiana attenuata fed (lane 2) and
artificial diet fed (lane 3) M. sexta caterpillars, and artificial diet fed Spodoptera exigua caterpillars (lane 4).
Lower right panel: MS/MS spectrum of tryptic peptide 1314.6 MH+ (active fraction)
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INTRODUCTION
Plants are under continuous pressure to recognize pests and to tune defenses accordingly
while these pests, in turn, are under selection to stay undetected and resist defenses. In the
traditional view the plant is in control of direct and indirect defenses (Howe and Jander, 2008;
Wu and Baldwin, 2010) since it synthesizes toxins to directly ward off attackers and volatiles
to call for external help as the emission of herbivore-induced plant volatiles (HIPV), i.e.
especially of terpenoids, aromatic compounds and C-6 based ‘green leaf volatiles’ (GLVs;
Maffei, 2010), leads to the attraction of foraging natural enemies of herbivores and therefore
is referred to as indirect plant defense (Mumm and Dicke, 2010). The induction of herbivoreinduced direct and indirect defenses depends on the extent to which herbivores give away
their presence and to which extent plants are able to recognize their presence. Elicitor
compounds present in the oral secretions of the herbivore can play an important role in this
process as many induced defense responses are initiated by the perception of such elicitors
(Hilker and Meiners, 2010; Wu and Baldwin, 2010). Although scores of herbivore species
exist, only few herbivore-derived elicitors have been identified so far and they can roughly be
classified into two major groups: The first group consists of relatively small nonproteinaceous substances, like fatty acid-amino acid conjugates (FACs; Bonaventure et al.,
2011) and sulfated fatty acids (caeliferin; Alborn et al., 2007), whereas the second group
consists of proteinaceous substances, including proteolytic peptides, like inceptins but also
digestive enzymes like β-glucosidase (Howe and Jander, 2008; Hilker and Meiners, 2010; Wu
and Baldwin, 2010).
FACs are probably the best studied class of herbivore-induced elicitors. They consist
of a plant derived fatty acid conjugated to an insect derived amino acid (Parè et al., 1998).
FACs have been shown to play a role in the activation of phytohormone-mediated direct
defense responses and the production and emission of HIPVs mediating indirect defense
responses (Alborn et al., 1997; Halitschke et al., 2003; Bonaventure et al., 2011). By now
FACs have been found in the oral secretions (OS) of many lepidopteran species and recently
also in the OS of two cricket species (Teleogryllus taiwanemma and T. emma) and fruit flies
(Drosophila melanogaster, Yoshinaga et al., 2007; Yoshinaga et al., 2010). Caeliferins, are a
group of sulfated fatty acids which have been isolated from the OS of the grasshopper
Schistocerca americana and they induce, like volicitin, the release of herbivore-specific
terpenes from maize seedlings (Alborn et al., 2007; Hilker and Meiners, 2010; Wu and
Baldwin, 2010). Both, volicitin and caeliferins were isolated by reversed-phase high
performance liquid chromatography (Alborn et al., 1997; Alborn et al., 2007).
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Inceptins are proteolytic peptides which are generated in the insect midgut by
degradation of a plant’s chloroplastic ATP synthase γ-subunit (Schmelz et al., 2006). Even
very small amounts are able to effectively amplify the accumulation of the phytohormones
jasmonic acid, ethylene and salicylic acid and to induce the emission of the homoterpene (E)4,8-dimethyl-1,3,7-nonatriene (DMNT) (Schmelz et al., 2006; Schmelz et al., 2007). Inceptins
have been identified from the OS of S. exigua feeding on cowpea (Schmelz et al., 2006). Not
only proteolytic peptides but also digestive enzymes can play a role in mediating plant
defense responses. The ubiquitous enzyme (Cairns and Esen, 2010) β-glucosidase which
hydrolyzes glycosidic bonds has been found in the OS of Pieris brassicae larvae, and
application of their OS or pure β–glucosidase provoked a similar release of herbivore-induced
volatiles in cabbage plants (Mattiacci et al., 1995). Recently Schaefer et al (2011) discovered
that lipase activity present in the OS of the grasshopper Schistocerca gregaria mediated the
accumulation of oxylipins in Arabidopsis leaves.
Interestingly, a plant is not always in direct control of its own defenses: In a recent
study Leroy et al. (2011) reported the first case in which an insect-associated bacterium,
Staphylococcus sciuri, present in the honeydew of the pea aphid Acyrthosiphon pisum,
produced volatile compounds that attracted the hoverfly, Episyrphus balteatus, a natural aphid
enemy. Thus, in this special case neither the plant, nor the insect were responsible for the
attraction of the third trophic level.
Trichome exudates of the wild tobacco Nicotiana attenuata contain O-acyl sugars
which do not directly defend the plant against the specialist herbivore Manduca sexta.
However, after ingestion by the feeding caterpillar the alkaline conditions in the caterpillar’s
digestive tract probably caused hydrolysis of the O-acyl sugars and the resulting short chain
fatty acids imparted the body and the frass of the caterpillars with a characteristic smell that
was recognized by the omnivorous ant Pogonomyrmex rugosus. Thus trichome derived acyl
sugars function as an ‘evil lollipop’ as they tag the feeding caterpillar with a distinct odor that
is attractive to natural enemies of the herbivore (Weinhold and Baldwin, 2011).
We recently discovered that the increased emission of (E)-isomers of GLVs, induced
in N. attenuata by M. sexta feeding, strongly increased the foraging efficiency of the
generalist predators Geocoris spp. (Allmann and Baldwin, 2010 and Chapter 3) and decreased
the oviposition rates of Manduca sexta conspecifics (Chapter 4) in nature. Surprisingly, the
conversion of the plant’s (Z)-aldehydes to (E)-aldehydes was solely and directly due to
isomerase activity in the herbivore’s oral secretions. Hence we were left with the puzzling
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observation that M. sexta caterpillars are betraying themselves by making the plant’s volatile
bouquet more attractive to their natural enemy.
Here we present our first results on the physico-chemical properties of the M. sexta
derived (3Z):(2E)-enal isomerase and on the purification of this isomerase from oral
secretions of M. sexta caterpillars.

RESULTS
Enzyme characteristics
We have developed an in vitro assay that allows to measure (3Z):(2E)-enal isomerase
activity via the conversion of (Z)-3-hexenal to (E)-2-hexenal using headspace solid-phase
microextraction (SPME) combined with gas-chromatography coupled to time-of-flight mass
spectrometry (GC-ToF-MS; Fig. 5.1A). Details are described in the material and methods
section. To determine the isomerase activity versus enzyme concentration we kept the amount
of substrate constant (0.98 µg/reaction) and varied the amounts of M. sexta OS. Between 0
and 5 µg of total protein the substrate was not the limiting factor (Fig. 5.1B).

Figure 5.1. Isomerase activity in M. sexta OS. (A) GLV-related GC-ToF-MS extracted ion
chromatogram (Ion 69) as output of the SPME-guided in vitro assay for measuring (Z)/(E)isomeric activity. (Z)-3-hexenal was used as substrate; control (ctrl) = assay without OS; M.
sexta OS = assay with OS. (B) Activity versus enzyme concentration curve of untreated M.
sexta OS. Substrate concentration was kept constant.

In previous experiments we showed that the (3Z):(2E)-enal converting compound in
the OS of Manduca sexta caterpillars is heat labile (Allmann and Baldwin, 2010 and Chapter
3). This already indicated that the compound is of proteinaceous nature and probably an
enzyme. To test this we treated 1:20 (v/v) diluted M. sexta OS with Proteinase K (Prot. K), an
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endolytic protease that cleaves peptide bonds at the carboxylic side of aliphatic, aromatic and
hydrophobic amino acids and we compared the activity of Prot. K-treated against non-treated
M. sexta OS using the SPME-guided in vitro assay (Fig. 5.1A). Indeed Prot. K-treated OS lost
their ability to convert (Z)-3-hexenal to (E)-2-hexenal as conversion-rates did not differ from
control treatments containing 0.02% Tween-20 instead of M. sexta OS (Fig. 5.2A).
In order to determine the influence of pH on the enzyme, its activity was studied in the
range from 5.5 till 10.0 using different synthetic buffers. For the pH range 5.5 – 6.5 20 mM
MES buffer was used, for the pH range 8.5 - 9.0 20 mM Tris-Cl buffer was used and for pH
10.0 we used 20 mM CAPS buffer. The enzyme is active over a broad range of pH values, but
it is most active in the more alkaline conditions (Fig. 5.2B).

Figure 5.2. The isomerase in M. sexta OS is of proteinaceous nature and is most active at
pH > 8.5. (A) Percent conversion to (E)-2-hexenal (n=3). Proteinase (Prot K) K treated OS lost
the (Z)/(E)- isomerase activity. Letters indicate significant differences between treatments
(univariate analysis of variance (ANOVA), F3,8 = 369.1, P < 0.001, followed by a Scheffé posthoc test). Ctrl = assay without OS in 0.02% Tween-20 solution; OS = 1:20 (v/v) diluted M.
sexta OS; OS 37ºC = 1:20 (v/v) diluted M. sexta OS incubated at 37°C for 75min; Prot.K OS
37°C = Proteinase K treated 1:20 (v/v) diluted OS incubated at 37°C for 75min. (B) Influence of
pH on (3Z):(2E)-enal isomerase activity. M. sexta’s OS were diluted 1:20 in different 20 mM
buffers and the % conversion to (E)-2-hexenal measured by SPME-GC-ToF-MS was compared
to the % conversion of OS that had been diluted in distilled water. 100% activity = isomerase
activity measured for OS sample diluted in H2O (red line). pH 5.5 and 6.5, 20 mM MES-buffer;
8.5 and 9.0, 20mM TRIS-buffer; 10.0, 20mM CAPS-buffer.

To estimate the size of the (3Z):(2E)-enal isomerase we applied M. sexta OS onto
centrifugal filters with different nominal molecular weight limits. While all the activity was
found in the retentate when using a 50 kDa cut-off filter, a 100 kDa cut-off filter retained
most, but not all of the activity, assuming that the approximate size of the enzyme is around
100 kDa (Fig. 5.3A). Experiments with a Sephacryl S-200 column confirmed that the
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isomerase has a rather high molecular weight as activity eluted shortly after the void volume (>
250 kDa; data not shown). We furthermore tested whether the isomerase is a membrane
bound protein by ultracentrifugation at 100,000 g for 35 min of M. sexta’s OS. As the activity
remained in the soluble phase and could not be recovered from the re-dissolved pellet it is
very unlikely that the enzyme is bound to a membrane (Fig. 5.3B).

Figure 5.3. The isomerase has an approximate size of 100 kDa and is not membrane bound.
(A) GLV-related GC-ToF-MS extracted ion chromatogram (Ion 69) of the isomerase activity in
permeate and retentate of M. sexta OS samples centrifuged through 50 and 100 kDa centrifugal
filters. Samples contain (Z)-3-hexenal as substrate. ctrl = assay without OS; M.s. OS = assay
with OS. (B) Isomerase activity in M. sexta OS, centrifuged for 35 min at 100,000 g.
Supernatant and re-dissolved pellet were tested with (Z)-3-hexenal as substrate. M.s. OSpellet-UC =
re-dissolved pellet after centrigugation of M. sexta OS; M.s. OSsupernatant-UC = supernatant of M.
sexta OS after centrifugation.

Enzyme purification
Each enzyme requires a different purification strategy. And even for the same enzyme
different purification procedures might be necessary, depending on its origin and related to
this, its physico-chemical properties (Schuurink et al., 1990). To determine the optimal
purification strategy for the (3Z):(2E)-enal isomerase from M.sexta’s OS we first tested the
suitability of several purification methods including precipitation methods and separation
based on molecular size (see above), charge and hydrophobic interactions. We added different
amounts of solid ammonium sulfate to test at what saturation the isomerase precipitates.
Interestingly most of the enzyme stayed in solution even at a 100% saturation (Fig. 5.4).
Because of the good solubility of the isomerase at saturated ammonium sulfate conditions we
diluted 100 mL M. sexta OS after concentration with 30 kDa cut-off filters (Step 1, Fig. 5.5)
in 2 M ammonium sulfate ((NH4)2SO4) containing 100 mM Tris-Cl buffer (pH8.0; 1:1, (v/v);
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Step 2, Fig. 5.5) to firstly, remove all proteins that precipitate already at a 1 M ammonium
sulfate concentrations and secondly, to adjust the sample to the starting conditions for
hydrophobic interaction chromatography (Step 3, Fig. 5.5).The sample was applied in subportions on a HiTrap Phenyl HP 5 mL column and the activity started to elute from the
column at a salt concentration of approx 0.7 M (NH4)2SO4 (Step 3, Fig. 5.5). The pooled
active fractions were again concentrated and extensively washed with 20 mM Tris-Cl (pH
8.0), the starting buffer for anion exchange chromatography (AIC). The sample was applied
on a HiTrapQ HP 5 mL column and the activity eluted from this column at a salt
concentration of approx 0.4 M NaCl (Step 4; Fig. 5.5). We also tested the binding capacity
and thus the purification efficiency of a cation exchange resin (CM-cellulose). However, we
did not find any condition at which the isomerase either completely bound or did not bind at
all to the resin and we therefore decided to not include cation exchange chromatography in
our purification strategy.
In Table 5.1 the results of the (3Z):(2E)-enal isomerase purification of M. sexta’s OS are
summarized. After step 3 a 35 fold increase in the specific activity was achieved with a
recovery of approx. 30%. Since the estimated protein concentration after step 4 was below the
detection limits, we cannot estimate the overall purification rate. However, since the activity
of the active fractions after step 4 was very high and clearly above the linear range of the
SPME-guided in vitro assay (data not shown) while the absorbance at 280 nm for the active
fractions was very low (Fig. 5.5), the last purification step must have been efficient.

Figure 5.4. The isomerase only
partly precipitates in saturated
Ammoniumsulfate.
GLV-related
GC-ToF-MS
extracted
ion
chromatogram (Ion 69) of isomerase
activity in precipitated (100%
(NH4)2SO4 precipitate) and nonprecipitated
(100%
(NH4)2SO4
supernatant) M. sexta OS. (Z)-3hexenal is used as substrate.

Identification of candidate peptide sequences
The trypsin-digested pooled active fractions (dark grey bar; step 4 Fig. 5.5) were analyzed by
LC-MS/MS and resulted in the identification of eight doubly charged (MH+) MS/MS peptide
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masses. However, so far these could not be matched with significant scores to in situ digested
peptide masses of the translated M. sexta midgut database or to peptides available from the
NCBInr protein database (nrdb90) and all other public accessible databases. Future analyses
using a transcriptomic database of M. sexta salivary glands (provided by H. Vogel and David
Heckel, MPI for chemical Ecology, Jena, GER) and a genomic database (Agricultural Pest
Genomics Resource Database: www.agripestbase.org) will help to identify candidate peptide
sequences of our M. sexta derived (3Z):(2E)-enal isomerase.
To shorten the list of candidate peptide masses we tested two samples that flanked the
active pooled fractions (Fig.5.4; (2)) on the left (1) and right (3) side (light grey bars). While
sample 1 only yielded 3 MS/MS peptide masses (MH+) of which none could be assigned to in
situ digested peptide sequences of the translated Manduca midgut transcriptome, sample 3,
which contained minor amounts of isomerase activity resulted in the identification of 71
MS/MS peptide masses (MH+) of which two could be associated with a high score to a
Manduca midgut sequence which in turn showed high similarity with trypsin-like serine
proteases of several lepidopteran species. However, there was no overlap in the peptide
masses between active and non-active fractions.
A second analysis of the active fraction with a Synapt G2 LC-MS/MS system (Waters)
increased the number of selected peptides for MS/MS from 8 to about 120 due to the superior
sensitivity of this newer generation LC-MS/MS. This data could not be matched with
significant scores using the same databases as described above.
Table 5.1. Summary of (3Z):(2E)-enal isomerase purification from M. sexta OS
Step

Description

total protein
a
(mg)

total activity
b
(units)

specific activity
(units/mg)

Yield (%)

209

7136

34

100

0

centrifuged OS

1

Concentrated > 30 kDa

202

2618

13

37

2

1M Ammonium sulfate
Phenyl Sepharose column
(pooled active fractions)
Sepharose-Q column
(pooled active fractions)

114

4650

41

65

2

1975

1182

28

n.m.

n.m.

n.m.

3
4

c

n.m.

a

Protein concentration determined by Bradford assay using BSA as a standard protein.
1 unit causes 50% conversion to (E)-2-hexenal in 5min incubation time
c
not measured as estimated protein concentration was too low
b

DISCUSSION
This study provides first insights into the properties of a (3Z):(2E)-enal isomerase present in
the OS of M. sexta caterpillars. We have set up an SPME-based assay to measure (3Z):(2E)enal isomerase activity and we have shown that the (Z)- to (E)-converting compound is of
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proteinaceous nature, as activity vanishes after treatment with Prot. K (Fig. 5.2A). This is
supported by our purification experiments as we were able to increase the specific activity by
more than 35-fold using classical biochemical protein fractionation techniques (Table 5.1).
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As the oral secretions of M. sexta caterpillars are a mix of gut-derived digestive
secretions and labial and mandibular gland-derived saliva (Eichenseer et al., 2010) we cannot
make any predictions on the origin of the isomerase. Additionally, as vertical transmission of
gut bacteria from mothers to larvae via egg contamination have been postulated for M. sexta
(Brinkmann et al., 2008), the isomerase might also originate from gut colonizing bacteria
which have been found in the gut lumen of Manduca sexta and the hindgut epithelia (TothPrestia and Hirshfield, 1988; Dillon and Dillon, 2004; Brinkmann et al., 2008). We also
performed dissection experiments to unravel the enzyme’s origin. However, for both dissected
and homogenized salivary glands and midgut tissue, we were so far unable to detect any
(Z)/(E)-converting activity (data not shown). Sometimes the pH-optimum of an enzyme can
give a first hint on its biosynthetic origin: Tunaz and Stanley (2004) discovered two
phospholipases A2 (PLA2), of which one had its origin in the salivary glands of M. sexta
caterpillars, and the other in the midgut. While the midgut derived PLA2 preferred higher pH
conditions of 9-10 and showed little activity at pH 8, the PLA2 synthesized in the salivary
glands of the caterpillar showed highest activity at a pH of 8 (Tunaz and Stanley, 2004). Here
we tested the pH optimum of the isomerase in a range between 5.5 and 10.0. However, so far
we can only conclude that the optimal pH lies in the alkaline region. This is not surprising as
luminal pH measurements of 10–11 pH units in the anterior and middle regions of M. sexta’s
midgut are normal, and even pH values of 12 have been reported (Clark et al., 1998; Lait et al.,
2003). The OS that we collected and used to characterize and purify isomerase activity had a
pH between 9-10. Such alkaline conditions for M. sexta’s OS (pH 9.3) have already been
reported in previous studies (von Dahl et al., 2006). However, this is probably not the pHregion at which the (3Z):(2E)-enal isomerase functions when it comes in contact with the leaf
surface as the oral secretions of plant-feeding M. sexta’s caterpillars mingle with crushed leaf
material. Higher plant cells contain two main compartments, the cytoplasm which is slightly
Figure 5.5. Partial purification of (3Z):(2E)-enal isomerase from M. sexta OS. 100mL of M.
sexta OS was concentrated using 30 kDa cut-off filters (Step 1). Concentrated OS was diluted
1:1 (v/v) with 2M (NH4)2SO4, 100mMTris pH 8.0 and centrifuged (Step 2). One quarter of the
supernatant was applied on a HiTrap Phenyl HP 5mL column and proteins were eluted with a
linear gradient of decreasing (NH4)2SO4 concentration. This step was repeated with the
remaining three quarters (Step 3). Combined active fractions were applied on a HiTrapQ HP
5mL column and proteins were eluted with an increasing, linear gradient of NaCl (0-1 M) (Step
4). Pooled active fractions (2) and neighboring inactive or only slightly active fractions (1, 3)
were analyzed using advanced protein sequencing (liquid chromatography-tandem mass
spectrometry [LC/MS/MS]) methods (Step 5). Protein elution in Step 3 and 4 was continuously
monitored by UV absorption at 280nm and is given in milli absorbance units (mAU). The
activity of each fraction was monitored using the SPME-guided in vitro assay and (3Z):(2E)enal isomerase activity is given in % conversion to (E)-2-hexenal (dotted line).
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alkaline (7.4-7.5) and the central vacuole which is acidic with a pH of 4.5-6 in many plant
species (Gout et al., 1992). Manduca feeding causes cell disruption and thus a complete
mixing of all cell contents, and for crushed leaf material rather acidic environments have been
reported (pH 4-6; Schultz and Lechowicz, 1986). This is in line with our observation that the
(3Z):(2E)-enal isomerase is still active at low pH levels (Fig. 5.2B).
The SPME-guided assay that we used to determine (3Z):(2E)-enal converting activity
cannot be used for absolute quantifications, but only for relative comparisons, and this has
mainly two reasons: Firstly, the assay is not performed in a closed system and volatiles could
thus escape from the system e.g. during transfer from the small GC vials to the bigger SPME
vials. Secondly, M. sexta’s OS does not only contain a compound that converts (Z)-3- into
(E)-2-hexenal but also other unknown components which seem to have an aldehyde-buffering
capacity. This caused a high variation in the detected absolute aldehyde levels between
samples and made replicated quantifications almost impossible.
In 1965 Moore isolated a subcellular fraction from bovine brain and proteins within
this fraction were called S100 since they were partially soluble in 100% ammonium sulfate at
a neutral pH (Moore, 1965). This remarkable characteristic holds also true for the M. sexta
derived isomerase, as activity remained in the soluble phase even at a 100% ammonium
sulfate. This high solubility made it easy to perform hydrophic interaction chromatography
(HIC) as for this purification technique samples are often adjusted to a moderately high
ammonium sulfate concentration as starting conditions, typically at 1-2 M. Different matrices
and ligands are available to perform HIC and we tested the Butyl-S-ligand which was the least
hydrophobic ligand available and the Phenyl-ligand, which has a mixed behavior in which
aromatic and hydrophobic interactions, as well as lack of charge, play a role in the final
chromatographic properties. Interestingly, the enzyme did not bind to Butyl-S Sepharose (data
not shown), while it did when using Phenyl Sepharose as medium (Fig. 5.5). The enzyme
additionally bound to an anion exchanger (Q Sepharose) in slightly alkaline environments (pH
8.0; Fig. 5.5) indicating that there were enough negative charges on the protein “surface” of
the isomerase.
Insect saliva has been shown to play a role in antimicrobial defense (Musser et al.,
2005), digestion (Lenz et al., 1991), detoxification (Ahmad and Hopkins, 1993; Mathews et
al., 1997), and suppression of host plant defenses (Musser et al., 2002; Musser et al., 2005;
Bede et al., 2006). This makes it an interesting insect derived fluid to study. However, only
few proteins have been identified so far from the salivary glands of Manduca sexta
caterpillars or their oral secretions and this only by indirectly measuring their enzyme activity.
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Minor amounts of β-glucosidase (Allmann and Baldwin, 2010) as well as Glucose oxidase
(Diezel et al., 2009; Allmann and Baldwin, 2010; Eichenseer et al., 2010) activity have been
found in M. sexta’s OS and the latter also specifically in the salivary glands (Eichenseer et al.,
1999). GOX is an enzyme with an approximate size of 82 kDa found in several lepidopteran
and few hymenopteran species (Eichenseer et al., 2010). It catalyses the oxidation of glucose
leading to the production of gluconic acid and hydrogen peroxide. Interestingly, GOX does
not elicit defense responses in the host plant, but it rather suppresses induced JA-dependent
nicotine accumulation of Nicotiana tabacum (Musser et al., 2005) and the expression of genes
involved in volatile production (Bede et al., 2006) while it increases salicylic acid levels in N.
attenuata (Diezel et al., 2009). Tunaz and Stanley (2004) identified Phospholipase A2 activity
in the fat body, hemocytes, midgut and also the salivary glands of tobacco hornworms. The
most obvious function of these PLAs is to facilitate fatty acid absorption by catalyzing their
hydrolysis (Tunaz and Stanley, 2004). However, PLA2 from salivary glands and midgut tissue
have not been purified yet.
While only little attention has been paid to the salivary proteome of M. sexta
caterpillars much more is know about the haemolymph (Furusawa et al., 2008) and midgut
proteome of tobacco hornworms (McNall and Adang, 2003; Pauchet et al., 2009). These
studies were conducted using classical 1D- or 2D-polyacrylamide gel electrophoresis (PAGE)
combined with peptide mass fingerprinting but a recent study by Pauchet et al (2010) used
both classical 2D-PAGE and AIC combined with SDS-PAGE.
Two dimensional PAGE is a powerful technique as it separates proteins by their
isolelectric points and their size, thus making use of two different properties of the protein.
This technique allows separating hundreds of proteins in a single run and is thus ideal for full
proteome analysis or for comparative proteomic experiments such as difference gel
electrophoresis (DIGE Issaq and Veenstra, 2008). However, this technique has also its
limitations as proteins which are too acidic or too basic, too big (>100 kDa) or too small, or
have a too low abundance are only poorly resolved (McNall and Adang, 2003; Issaq and
Veenstra, 2008; Pauchet et al., 2009). As we estimated an approximate size of 100 kDa for the
isomerase and a low abundance in M. sexta’s OS, we decided not to use 2D-PAGE as
purification strategy, but to rather focus on biochemical fractionation techniques to enrich for
our low abundant protein. For the purification of our (3Z):(2E)-enal isomerase we first tested
the quality of each purification step by 1D-PAGE and we focused on those bands that were
enriched or only present in the active fraction and not in the surrounding inactive fractions.
However the detectable and thus most abundant proteins in the isolated bands turned out to be
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midgut derived digestive enzymes including a carboxypeptidase, chitin deacetylase, lipase
and several proteases as we were able to match the resulting peptide masses to those of the
translated in situ digested Manduca midgut database. Since we predicted that our enzyme of
interest might not be abundant enough to be seen as a single band on a polyacrylamide gel we
decided to use the entire pooled active fraction (Fig. 5.5; sample 2 (dark grey bar)) for protein
identifications and to reduce the number of candidate peptides by comparing the identified
peptides masses against those of two nearby fractions that were either inactive (Fig. 5.5;
sample 1) or contained only little activity (Fig. 5.5; sample 3). The trypsin digested pooled
active fraction resulted in the identification of more than 120 doubly charged (MH+) MS/MS
peptide masses. Interestingly, none of these peptide masses could be matched to the databases
used in this study, assuming that the M. sexta OS-derived isomerase belongs to a rather
unknown group of enzymes which is likely not produced in Manduca’s midgut.
Clearly, more work is needed to identify the (3Z):(2E)-enal isomerase from M. sexta’s oral
secretion. New available databases or additional purification steps will clearly help to succeed
in identifying the “treacherous” compound in the insect’s oral secretion and further work will
reveal whether the isomerase activity is simply maladaptive for M. sexta caterpillars and
hence under negative selection; if there is a life-stage dependent or ecological trade-off with
respect to the effects of enzyme expression or whether it is the plant that has adapted to make
isomerase- expression backfire by synthesizing (Z)-3-hexenal i.e. as a “green booby-trap”.
Thus, taking the evolutionary time scale into account, it is still open to debate whether it is the
herbivore betraying itself or the plant betraying the herbivore.

MATERIAL AND METHODS
Collection of Manduca sexta’s oral secretions
Tobacco hornworm (Manduca sexta) eggs, purchased from Carolina Biological
Supply and bred in an in-house colony, were cultivated in climate chambers until hatching
and reared on N. attenuata wild-type plants in the greenhouse until the third to fifth instar.
Oral secretions (OS) were collected twice a day on ice as described in Roda et al. (2004)
centrifuged at 13,000 g for 5min to remove particles and stored at -20°C until use.
Wild type N. attenuata plants for caterpillar feeding were from an inbred line in its
30th generation that originated from seeds collected in Utah in 1988. Seeds were germinated
on Gamborg’s B5 medium (Duchefa) as described in Krügel et al. (2002). In short, seeds were
sterilized and incubated in 1 mM GA3 (Roth) and 1:50 diluted liquid smoke (v/v; House of
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Herbs) before germination on Gamborg’s B5 medium at a 26°C/16 h 155 µmol s-1 m-2
photosynthetic photon flux (PPF): 24°C/8 h dark cycle (Percival). Plants were grown in the
glasshouse with a day/night cycle of 16 h (26°C-28°C)/8 h (22°C-24°C) under supplemental
light from Master Sun-T PIA Agro 400 or Master Sun-T PIA Plus 600-W sodium lights
(Philips).
SPME-GC-ToF activity assay
Enzyme activity was determined by SPME-GC-ToF-MS. 200μL of the eliciting
solutions (water, diluted OS or purified fractions) containing 0.02 % Tween-20, were
transferred into a 1.5 mL GC vial equipped with a 200 µL insert and 1-2 μL of (Z)-3-hexenal
(0.48 μg/µL) was added to the solution. A volume of 200 μL was chosen to minimize the
headspace and thus also the chance of (Z)-3-hexenal to volatilize without reacting with the
eliciting solutions. The GC vial was closed and gently shaken for 5 minutes. Subsequently the
liquid solution was transferred into a 20 mL SPME vial which was immediately closed with a
Teflon lined crimp cap and incubated under moderate shaking (250 rpm) for 5min at 30°C.
Volatiles were sampled with a Solid Phase Micro Extraction fiber (SPME; Carboxem/PDMS)
for 10 min at 30°C. The fiber was desorbed for 1 min in an Optic injector port (ATAS GL Int.
Zoeterwoude, NL) which was constantly kept at 250°C. Compounds were separated on a DB5 column (10m x 180µm, 0.18 µm film thickness; Hewlett Packard) in an 6890 N gas
chromatograph (Agilent, Amstelveen, NL) with a temperature program set to 40°C for 1.5
min, increasing to 250°C at 30°C per minute and 250°C for an additional 2.5 min. Helium
was used as a carrier gas, the transfer column flow set to 3 ml per minute for 2 min, and to 1.5
ml per minute thereafter. Mass spectra were generated with the ion source set to -70 V at
200°C and collected with a Time-of-Flight MS (Leco, Pegasus III, St. Joseph, MI, USA), with
an acquisition rate of 20 scans per second. GLVs were identified and quantified using
standard

solutions

of

(Z)-3-hexenal,

(E)-2-hexenal

(Sigma-Aldrich;

http://www.sigmaaldrich.com/nederland.html).
To account for the high variability between samples we first calculated the summed
amount of hexenals (sum of (Z)-3-hexenal and (E)-2-hexenal) which was set to 100 %. From
this we calculated the proportion of (E)-2-hexenal and called this “percent conversion to (E)2-hexenal”.
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Enzyme characterization
To test whether the (3Z):(2E)-enal converting compound in the OS of M. sexta is of
proteinaceous nature we treated M. sexta’s OS with Proteinase K (Fermentas, St. Leon-Rot,
GER; http://www.fermentas.de/index.php?c=NL). For this purpose 10 µL OS was pipetted
into a 1.5 mL Eppendorf tube and diluted 1:20 (v/v) with 0.02 % Tween-20 solution. After
adding 10 µL of Proteinase K (Prot. K; end concentration of 0.95 µg/µL) the tube was
incubated for 1h 15min at 37°C and gently shaken in between. To ensure that the loss of
activity was due to the Prot. K treatment and not to the heat-treatment we additionally
incubated 1:20 diluted OS at 37°C for the same time, but without adding Prot. K. Two
hundred µL of each sample were used for the in vitro enzyme assay and each treatment was
done in triplicates.
To estimate the size of the enzyme we applied M. sexta OS onto centrifugal filters
(Millipore, Amsterdam, NL; http://www.millipore.com/offices/cp3/nl) with different nominal
molecular weight limit (NMWL, 3, 10, 30, 50 and 100 kDa cut-off). 150 µL OS was applied
onto the filter device which was placed in a filtrate collection tube and samples were
centrifuged at maximum speed for 10-30 min, depending on the NMWL of the filter device.
Concentrate was re-suspended in same amounts as the filtrate and both concentrate and filtrate
were tested for their (3Z):(2E)-enal converting activity.
We also estimated the size of the enzyme by Gel-filtration. We therefore applied OS samples
which had been dissolved in elution buffer (20 mM Tris-Cl pH 9.0, 50 mM NaSO4) onto a
Sephacryl S-200 HR (GE Healthcare, Hoevelaken, NL; http://www.gehealthcare.com/nlnl/)
column and eluted samples with a fraction size of 3 mL using a constant flow of 0.5 mL/min.
The void volume of the column was determined by applying Dextran Blue onto the column
which has a MW of 2,000 kDa. The void volume of the column was approx. 30 mL.

To

test whether the enzyme is a membrane bound protein we centrifuged pure OS for 35 min at
100,000 g using an Airfuge (Beckman, Woerden, NL; https://www.beckmancoulter.com) and
we tested the activity of the supernatant and the pellet which had been dissolved in 0.02 %
Tween-20 using the SPME-guided in vitro assay.
To determine the isomerase activity versus enzyme concentration we used our SPMEguided enzyme assay. We added 2 μL of (Z)-3-hexenal (0.48 μg/µL) to each reaction to keep
the amount of substrate constant (0.98 µg/reaction). We gradually increased the amount of
total protein in pure M. sexta OS and monitored the percent conversion to (E)-2-hexenal (Fig.
5.1B).
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Enzyme purification
100 mL of crude M. sexta OS was concentrated using Centrifugal devices (Macrosep
30K Omega centrifugal filter) with a NMWL of 30 kDa. The filtrate was tested, but did not
contain any activity. The concentrate was diluted 1:1 (v/v) with 2 M (NH4)2SO4 in 100 mM
Tris pH 8.0 and subsequently centrifuged for 20 min at 4100 g. The precipitate (approx. 1 mL)
was dissolved in 6 mL MiliQ H20 and tested for activity. To remove small particles we
pushed the supernatant through a 0.45 µm filter and applied the filtered solution to a HiTrap
Phenyl HP 5 mL column (GE healthcare, Hoevelaken, NL; http://www.gehealthcare.com/nlnl/)
equilibrated with starting buffer (1 M (NH4)2 SO4, 50 mM Tris pH 8.0 buffer). The adsorbed
proteins were eluted with a linear gradient from 1 to 0 M (NH4)2 SO4 in 50 mM Tris pH 8.0
and a constant flow of 3 mL/min (1-0M (NH4)2SO4 in 18 column volumes (CVs)). As parts of
the activity did not bind to the column, probably due to overloading, these active, unbound
fractions were split into three samples and each sample was re-loaded separately on a clean
HiTrap Phenyl HP 5 mL column. Active fractions were pooled and concentrated to exchange
buffers. The concentrate of the active fractions was dissolved in 2 mL of 20 mM Tris pH 8.0
and applied onto a HiTrapQ HP 5 mL column (GE healthcare, Hoevelaken, NL;
http://www.gehealthcare.com/nlnl/) which had been equilibrated with starting buffer (20 mM
Tris pH 8.0). The adsorbed proteins were eluted with a linear gradient of NaCl in the same
buffer (0 – 1 M NaCl in 18 CVs) and a constant flow of 2 mL/min. Active fractions were
pooled and concentrated with centrifugal filters (30 kDa cut-off) to exchange buffers. The
final active concentrate was dissolved in 100 µL 0.1M Tris pH 7.4 buffer for further analysis
(Fig. 5.5).
Both fractionation steps in which we used HiTrap columns were done on a FPLC (ÄKTA; GE
healthcare, Hoevelaken, NL; http://www.gehealthcare.com/nlnl/) and protein elution was
continuously monitored by UV absorption at 280 nm. After each step of purification, all
fractions were tested for activity using the SPME-guided in vitro assay.
In the various steps of the purification procedures protein concentration were
determined by Bradford assay using BSA for comparison.
In solution digestion of active protein sample and LC-MS/MS measurements
The concentrated active sample and two non-active samples, which eluted shortly
before and after the active fractions, were digested with 2 µg trypsin (Gold, Promega) in
0.1 M Tris pH 7.4. Before starting the overnight digestion at 37o C the samples were reduced
with 5 mM dithiothreitol for 30 minutes at 55o C and after cooling down alkylated with
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15 mM iodoacetamide. The digested peptides for each sample were collected and washed on a
2 µg capacity OMIX tip (Varian) and eluted in 10 µL 50% acetonitrile (CAN), 0.1%TFA. The
tryptic peptide mixtures were analyzed after dilution in 0.1 % TFA with liquid
chromatography (LC)-nano-electrospray ionization tandem MS (ESI-MS/MS). Details of the
LC method, data acquisition and processing have been described by Sorgo et al (2010).
The generated data were used to search against different databases using MASCOT
software (Matrixscience release 2.3.02). In MASCOT, search parameters were as follows:
allowance of one missed cleavage, fixed modification of carbamidomethyl cysteine and
variable modification of oxidation on methionine, an error tolerance of 0.3 Da for calculated
peptides and their corresponding MS/MS spectra. The databases used were known
contaminants, NCBI, and the in situ digested translated Manduca midgut transcriptome
(Pauchet et al., 2010).
Statistics
All statistics were done using SPSS 17.0 (Chicago, IL, USA).
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A.P. van Doorn

Pieces of:
WHISPERING GRASS
(Fred Fisher / Doris Fisher)
The Ink Spots (1940)

Why do you whisper, green grass?
Why tell them all your secrets;
who kissed there long ago?
Don't you tell it to the breeze;
or she will tell the birds and bees
and everyone will know …

CHAPTER 6
GENERAL DISCUSSION
In this thesis I have introduced a novel biological process by which plant-derived
green leaf volatiles (GLVs) can undergo modifications, prior to their release into the
environment, as such that they contain an herbivore-specific signature. Previously the idea
that GLVs serve as attractant for predators and parasitoids was generally accepted despite the
fact that it was unclear how such natural enemies could differentiate between GLVs resulting
from aspecific mechanical damage and those from the feeding activities of their actual prey.
Hence, this thesis does not only show that the GLV bouquet of herbivore attacked plants
indeed contain an herbivore-specific signature which attracts foraging natural enemies
(Chapter 3) and repels conspecific gravid moths (Chapter 4), but also that this signature is
due to the action of an enzyme present in the oral secretions of M. sexta caterpillars (Chapter
3 and 5). In this thesis I also report on one of the key upstream biosynthetic components of
GLVs in the wild tobacco Nicotiana attenuata: a 13-lipoxygenase (NaLOX2), which
specifically supplies substrate for the formation of GLVs (Chapter 2). The knowledge on this
biosynthetic pathway has expanded rapidly and recent literature provides exciting additional
insight into the role that NaLOX2 might play in the defense response of N. attenuata:
FACs are important plant elicitors present in M. sexta’s OS; they are responsible for
the initiation of herbivore-specific defense responses in N. attenuata, including the
transcriptional up-regulation of several defense-related genes (Halitschke et al., 2003), the
accumulation of JAs and ET (Kahl et al., 2000; Wang et al., 2007) and related secondary
metabolites (Zavala et al., 2004; Schuman et al., 2009; Heiling et al., 2010). The most
abundant FAC in the OS of M. sexta caterpillars is N-linolenoyl-glutamate (18:3-Glu)
(Halitschke et al., 2001). Recently it has been shown that 18:3-Glu is rapidly metabolized to
13-hydroperoxy-18:3-Glu when applied onto N. attenuata’s wounded leaf surface and
subsequently converted to its derivatives 13-hydroxy-18:3-Glu and 13-oxo-13:2-Glu
(VanDoorn et al., 2010). Interestingly, these modifications were largely dependent on the
activity of NaLOX2; plants with reduced expression of NaLOX2 (ir-lox2) were less effective
in oxidizing the fatty acid moiety of 18:3-Glu and had a much slower turnover rate of this
FAC. Furthermore, these modifications resulted in the formation of an inactive compound, i.e.
13-hydroxy-18:3-Glu, and an active elicitor, 13-oxo-13:2-Glu, which did induce JAaccumulation as efficiently as 18:3-Glu (Fig. 6.1), but additionally induced higher emissions
of two novel monoterpenes compared to 18:3-Glu elicitation (VanDoorn et al., 2010a;
VanDoorn et al., 2010b).
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Figure 6.1. NaLOX2 is involved in the modification of plant- and insect-derived fatty acid
derivatives. When M. sexta feeds on N. attenuata leaves the FAC 18:3-Glu is introduced into
leaf wounds and rapidly dioxygenated by NaLOX2 to 13-OOH-18:3-Glu. 13-OOH-18:3-Glu is
further metabolized to the inactive 13-OH-18:3-Glu and the active 13-oxo-13:2-Glu (VanDoorn
et al., 2010). Leaf wounding and herbivory also induces hydrolysis of α-linolenic acid and
linoleic acid from plant membranes and these unsaturated fatty acids are dioxygenated as well
by NaLOX2 as part of the GLV-pathway. The resulting 13-hydroperoxides (13-HPs) are
cleaved between C11 and C12 by a hydroperoxide lyase (NaHPL) generating C6-aldehydes
((Z)-3-hexenal or n-hexanal) and 12-oxo-(9Z)-dodecenoic acid ((9Z)-traumatin). (9Z)-traumatin
can undergo several enzymatic or non-enzymatic modifications with 9-hydroxy-12-oxo-(10E)dodecenoic acid (9-OH-traumatin) as one of its main products which is in large parts generated
by NaLOX2 activity. Other derivatives that are formed are, amongst others, 12-OH-(9Z)dodecenoic acid, 12-oxo-(10E)-dodecenoic acid ((10E)-traumatin), (3Z)-dodecenedioic acid
((3Z)-traumatic acid) and (2E)-dodecenedioic acid ((2E)-traumatic acid). 9-OH-traumatin can be
conjugated to reduced glutathione (GSH). This figure is adapted from Kallenbach et al. (2011);
background image with permission of Anja Paschold.
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The GLV-branch of the oxylipin pathway does not only lead to the formation of GLVs;
the NaLOX2 derived 13-HPs are cleaved by NaHPL into a C6- and a C12-compound. Thus,
with each molecule of (Z)-3-hexenal or n-hexanal also one molecule of (9Z)-traumatin is
formed (Fig. 6.1). (9Z)-traumatin undergoes rapid enzymatic and non-enzymatic
modifications like the isomerization of double bonds from (Z) to (E) and the oxidation of the
aldehyde groups to carboxyl groups (Grechkin, 2002; Kallenbach et al., 2011; Mukhtarova et
al., 2011). All (9Z)-traumatin derived compounds are referred to as traumatins hereafter.
In a recent study from Kallenbach et al. (2011) it was shown that almost 98% of the
(9Z)-traumatin was converted to 9-OH-traumatin and that two thirds of this conversion were
dependent on NaLOX2 activity. When a 1:1 mixture of (9Z)-traumatin and 9-OH-traumatin
was applied onto wounded leaves of plants with reduced expression of NaLOX2 and NaLOX3
(ir-lox2/ir-lox3) this caused an up-regulation of several oxidative stress and defense related
genes suggesting that the C12-cleavage products of NaHPL might also play important roles in
mediating plant responses to wounding and herbivory in N. attenuata.
Traumatins have been shown to promote cell division after wounding (English and Bonner,
1937; Zimmerman and Coudron, 1979; Farmer, 1994; Ivanova et al., 2001) and because of
this characteristic they have been referred to as ‘wound hormone’. This potentially very
important function has been studied already in the early 20th century (English and Bonner,
1937), but in more recent years the research relayed its focus to the functional characterization
of GLVs i.e. the C6-portion of HPL cleaved 13-HPs. This is not surprising given the diverse
functions that have been reported for GLVs and that have been summarized in the general
introduction. Shortly, some GLVs have antimicrobial properties against several bacteria and
fungi; they can serve as an anti-herbivore compound by repelling or poisoning herbivores or
as feeding stimulant; they mediate indirect defenses by attracting predators and parasitoids;
but they can also attract herbivores; and finally they also induce and prime defense responses
in neighboring plants or in adjacent leaves or branches (for review see Matsui, 2006).
Our discovery of a (3Z):(2E)-enal isomerase in the oral secretions of M. sexta
caterpillars raises many questions. For example, whether this isomerase is specific and unique
to M. sexta caterpillars or whether it is also present in other (lepidopteran) species. First of all,
we recently detected isomerase activity in the OS of Spodoptera littoralis (Fig. 6.2) and
secondly, also Turlings et al. (2004) reported that maize, damaged by S. frugiperda, emitted
far more (E)-2-hexenal than maize damaged by S. exigua, suggesting that isomerase activity
exists also in other lepidopteran species. Future work will reveal how widespread this enzyme
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is and whether homologs are also present in plants (Takamura and Gardner, 1996;

% conversion to (E)-2-hexenal

Noordermeer et al., 1999).
60
50
40
30
20
10
0
M.sexta 1:20

S. exigua 1:20

S. littoralis 1:20

S. littoralis 1:5

Figure 6.2. (3Z):(2E)-enal isomerase activity is also present in the OS of Spodoptera
littoralis. Percent conversion to (E)-2-hexenal by OS from different lepidopteran species. OS
from M. sexta, S. exigua and S. littoralis were diluted 1:20 with 0.02% Tween-20 and the
percent conversion to (E)-2-hexenal was determined (M. sexta n=6; S. exigua, S. littoralis n=3)
using the in vitro assay as described in Chapter 3. The percent conversion to (E)-2-hexenal in
control samples (only 0.02% Tween without OS) has been subtracted from these values (bars 13 have already been presented in Chapter 3, Fig. S3.6).

The most puzzling question however is: why does Manduca produce an enzyme that
generates volatiles which betray the insect to its enemies and so why did evolution not select
against this isomerase? Possibly the enzyme really is maladaptive and is, or will be, under
negative selection. However, the occurrence of this specific isomerase activity in at least two
lepidopteran species (Fig 6.2) suggests that it may have either (a) vital or non-vital but
beneficial function(s) that outweigh the caterpillar’s net costs of maintaining such an enzyme.
If the enzyme has a vital primary function for the caterpillar’s physiology this would prevent
rapid selection against it.
The fact that pathogen and herbivore-derived elicitor compounds are generally present
across species indicates that these have beneficial functions which soften the selection on
them. For example, flagellin and chitin both act as pathogen-associated molecular patterns
(PAMPs), but they also have very obvious beneficial functions for motion and structural
integrity in bacteria and fungi, respectively (Zipfel, 2009). However, for plant-herbivore
interactions, data, as well as our knowledge, on occurrence and maintenance of elicitors is
more limited as, for example, the persistence of FAC elicitors for long did not have an
obvious explanation. However, recently Yoshinaga et al. (2008) reported that FACs are used
by the insect for nitrogen assimilation and glutamine storage and are thus vital for the insect’s
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survival. Hence revealing the spectrum of physiological properties of elicitors will be
essential for understanding why they emerge, persist, disappear and possibly re-appear
through time and influence species interactions.
To provide a frame work for understanding the forces that could influence the
persistence in isomerase production in M. sexta, and probably also in other species, I will
discuss possible costs and benefits for M. sexta in the following paragraphs (summarized in
Fig. 6.3).
Possible benefits of a (3Z):(2E)-enal isomerase for M. sexta caterpillars:
1) Direct positive effects: Cell survival/antimicrobial effects in M. sexta caterpillars:
From greenhouse experiments we know that M. sexta caterpillars grew smaller on
transgenic N. attenuata plants that produced less GLVs and that larval performance was
restored to WT levels when synthetic GLVs were added to the transgenic plants (Halitschke et
al., 2004; Meldau et al., 2009). Interestingly, the reduced caterpillar performance on GLVdepleted plants was not caused by an increase in plant defense responses but by a reduced
consumption of leaf material (Halitschke et al., 2004). This clearly suggests that outside of a
natural environment and thus without having to deal with natural enemies and competitors,
the presence of GLVs has a positive and probably direct effect on Manduca’s health/feeding
behavior. While previous papers suggested that these volatiles act as feeding stimulants
(Halitschke et al., 2004; Meldau et al., 2009) there is also plenty of room for alternative, not
mutually exclusive, explanations. Firstly, M. sexta caterpillars may actively convert (Z)-3hexenal to (E)-2-hexenal to protect themselves from endogenous and exogenous stresses: (E)2-hexenal, but not (Z)-3-hexenal is a reactive electrophile species (RES; Alméras et al., 2003)
as it possesses an α,β-unsaturated carbonyl group which shows high reactivity with
nucleophilic atoms and can cause protein carbonylation (Farmer and Davoine, 2007; Mueller
and Berger, 2009). RES induced carbonylation often leads to the inactivation of proteins
(Liebler, 2008). However, it can also result in the activation of Cap’n’collar (Cnc) proteins
which play an important role in regulating cellular defenses against oxidative and
electrophilic stress (Nguyen et al., 2009). Cnc proteins are a family of basic leucine zipper
transcription factors (TFs) that are conserved in insects, fishes, birds, and mammals (Sykiotis
and Bohmann, 2010). The most studied Cnc TF is the vertebrate homolog Nrf2 (DinkovaKostova and Talalay, 2008; Sykiotis and Bohmann, 2010). In non-stressed cells Nrf2 is
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targeted for degradation by the Keap1 protein. Keap1 associates with a Cullin3-dependent
ubiquitin ligase (E3) complex that ubiquitinates Nrf2 leading to its degradation by the
proteasome. Keap1 functions as a sensor of free RES: RES can modify the critical Cys
residues in Keap1 (Dinkova-Kostova and Talalay, 2008), which results in a conformational
change in Keap1 disabling E3 to ubiquitinate Nrf2 (Surh et al., 2008; Nguyen et al., 2009).
The released Nrf2 escapes proteasomal degradation and transactivates the expression of
several cytoprotective genes which enhance the cell survival (Kensler et al., 2007). So far Cnc
TFs have not been reported for M. sexta and it thus needs to be tested whether Manduca
caterpillars posses such Keap1/Nrf2- or similar RES activated pathways with cytoprotective
functions; whether (E)-2-hexenal plays a role in its activation and whether this activation
indeed helps the caterpillar to improve their resistance to oxidative stress.
Secondly, M. sexta caterpillars may actively produce and ingest (E)-2-hexenal to
protect themselves from pathogen attack: GLVs and especially C6-aldehydes have
antimicrobial activities against gram-positive and -negative bacteria (Nakamura and Hatanaka,
2002) and against fungi (Hamiltonkemp et al., 1992; Vaughn and Gardner, 1993). Only few
studies exist that directly compared the antimicrobial properties of (Z)-3- and (E)-2-hexenal.
While Nakamura and Hatanaka (2002) found no obvious differences between the two alkenals,
others reported higher antimicrobial activities of (E)-2-hexenal compared to (Z)-3-hexenal
(Kishimoto et al., 2005; Prost et al., 2005). These enhanced antimicrobial properties of (E)-2hexenal are probably due to the α,β-unsaturated carbonyl moiety and the resulting high
reactivity with nucleophilic atoms (Alméras et al., 2003). Because of its highly effective
antimicrobial properties (E)-2-hexenal has recently been put forward as a natural alternative
to synthetic antibiotics against American Foulbrood Disease of honey bees (Flesar et al.,
2010). In addition it was shown that ingested antibiotics can inhibit the reproduction and
colonization of M. sexta’s entomopathogenic nematode Steinernema carpocapsae and its
bacterial symbiont Xenorhabdus nematophila in the gut while significantly promoting insect
growth rates (Van Der Hoeven et al., 2008). This justifies the hypothesis that (3Z):(2E)-enal
isomerase activity may contribute to the insect’s immunity repertoire by converting the
probably less active (Z)-3-hexenal into the potent antimicrobial substance (E)-2-hexenal.
2) Indirect positive effects by decreasing the absolute amounts of GLVs or their activity:
Besides its possible direct effects on M. sexta caterpillars, the catalyzed conversion
from (Z)-3- to (E)-2-hexenal might also cause a less durable, i.e. less chemically stable, plantderived volatile signal reducing the efficiency of the volatile blend in attracting natural
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enemies or in inducing plant defense responses: GLVs are relatively unstable in the
atmosphere and can easily break down when reacting with photons (O'Connor et al., 2006).
While (E)-2-hexenal has an atmospheric photolytic lifetime of approx. three hours, (Z)-3hexenal is less sensitive to photolysis and has an average lifetime of 13 hours (O'Connor et al.,
2006). Thus, in theory conversion of (Z)-3-hexenal to (E)-2-hexenal by M. sexta’s OS could
lead to reduced GLV concentrations in the air due to increased photolysis of the (E)-2aldehydes and subsequent degradation. However, GLVs are not only prone to photolysis but
also to oxidation by OH, NO3 or O3 and while (Z)-3-hexenal is already very unstable by itself
it also undergoes rapid oxidation (Arimura et al., 2009). Additionally, since we were able to
detect (E)-2- but not (Z)-3-hexenal in our field experiments (Chapter 3 and 4) it is rather
likely that the net atmospheric lifetime of (Z)-3-hexenal is shorter than that of (E)-2-hexenal
which would falsify the above mentioned ‘weakening’ hypothesis. Furthermore, GLVs are
immediately produced and released from the freshly wounded site of the leaf and almost as
fast as the burst occurs it also ceases. The GLV bouquet thus offers immediate but transient
information about the location of the herbivore which, while feeding, continuously creates
fresh wounds. Long-lasting stability of GLVs is thus not necessary to serve predators and
plants as a reliable signal.
While (E)-2-hexenal is probably the more stable signal compared to (Z)-3-hexenal this
does not imply that this compound is also more active in inducing plant defense responses;
exposure of tomato plants to (E)-2-hexenal elicited three times higher monoterpene emissions
than exposure to (Z)-3-hexenal (Farag and Paré, 2002) and this fits with the hypothesis that
α,β-unsaturated carbonyls like (E)-2-hexenal may play an important role in the induction of
plant defense responses (Farmer, 2001). However, this was not supported by Ruther and
Fürstenau (2005) who showed that exposure to (Z)-3-GLVs (aldehyde and alcohol) generally
induced slightly stronger volatile emissions in maize plants than exposure to (E)-2-GLVs.
3) Plant volatiles as ‘megaphone’ for insects to ‘communicate’ with each other:
It is well known that plants can exchange information above ground by releasing
volatiles into the air (Baldwin, 2010), or below ground via exudation of allelochemicals
through the roots (Lovett et al., 1989). Also insects communicate with each other through
tactile, chemical, acoustic and visual signals (Billen, 2006). Insects can use plant derived
volatiles as ‘megaphone’ by giving the herbivore induced volatile blend a ‘personal’ note - in
our case, by converting (Z)-GLVs to (E)-GLVs and by changing the (Z)/(E) ratio. What could
be the message that M. sexta caterpillars are bringing across? Firstly, their message may serve
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to reduce the number of competitors on their host plant by informing conspecific gravid
moths that this plant is already occupied and, possibly, that egg predators could be around. In
Chapter 4 we have shown that female moths are indeed able to distinguish between (Z)- and
(E)-GLVs, and in field experiments gravid moths preferred to oviposit on (Z)- than on (E)baited plants.
Another way to get rid of competitors would be to betray them to their own enemies as
shown in Chapter 3. This is of course a risky strategy. The known predators which detect and
respond to herbivore-specific volatiles are generally small which means that late instars which
can reach a size of approx. 8-10 cm have outgrown this predation risk. Bigger caterpillars
create bigger wounds and produce more OS. The increased OS production and application on
wound leaves could in principle cause a greater release of (E)-GLVs compared to smaller
caterpillars and attract greater numbers of predators, assuming that greater quantities of (E)GLVs also increase the foraging efficiency of predators (Shiojiri et al., 2006). Late instars
could thus riskless call for predators, which may remove small caterpillars before they can
become serious competitors. Here it would be interesting to test whether isomerase activity
changes during development with e.g. low levels during the early and high levels during the
late instars. So far we can only say that OS from late instars posses isomerase activity,
because M. sexta’s OS are normally collected from 3rd to 5th instar caterpillars. However, it is
a dangerous game that caterpillars would play by calling their own enemies, because also
bigger predators can respond to volatiles: recently it has been shown that branched chain
aliphatic acids, derived from the caterpillar’s digestion of plant O-acyl sugars which are
present in trichomes of N. attenuata (Weinhold and Baldwin, 2011), may betray Manduca
larvae to lizard predators during late developmental stages as well (Stork et al., 2011).
As a fourth option it is of course also possible that the conversion of (Z)-3-hexenal to
(E)-2-hexenal is only a side effect and that the enzyme mainly catalyzes a different, for the
caterpillar beneficial or even vital function. However, we can only start to verify this
hypothesis after we have identified the enzyme.
Possible costs of (3Z):(2E)-enal isomerase for M. sexta caterpillars:
1) Natural enemy attraction by (Z)- to (E)-conversion of GLVs:
The existence of a (3Z):(2E)-enal isomerase in the OS of M. sexta has also very
obvious disadvantages for the caterpillars which have been described in Chapter 3: by
converting (Z)-3-hexenal to (E)-2-hexenal M. sexta enables natural enemies to discriminate
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between a general wound-elicited and an herbivore-specific volatile bouquet, and natural
enemies might learn to respond to these herbivore-specific changes in the volatile profile. Our
field experiments showed that Geocoris spp. were able to distinguish between (Z)- and (E)GLV mixtures that consisted of each 4 compounds (aldehyde, alcohol, hexenyl acetate and
hexenyl butyrate). They were also able to distinguish GLV mixtures that contained both (Z)and (E)-GLVs but in different ratios (Allmann and Baldwin, 2010 and Chapter 3). Geocoris
spp. are polyphagous predators, also called big-eyed bugs, that feed on aphids, whiteflies,
beetle larvae, and the eggs and early instars of lepidopteran species (Crocker and Whitcomb,
1980). Already earlier experiments showed that (E)-2-hexenal is attractive to Geocoris. In a
field experiment fifteen HIPVs were tested for their attractiveness to beneficial insects by
using sticky traps baited with single volatile compounds. The most attractive volatile for
Geocoris turned out to be (E)-2-hexenal and interestingly, Geocoris was also the only insect
in this study that was attracted to this compound. Sticky traps baited with (Z)-3-hexenol or
(Z)-3-hexenyl acetate did not catch significantly more big-eyed bugs than control traps (James,
2005). Similar results have been documented in field experiments in the Utah desert; eggs
attached to artificial leaves that were treated with (E)-2-hexenal had 3.3-times higher
predation rates than eggs on control leaves while the application of (Z)-3-hexenol and (Z)-3hexenyl acetate did not significantly increase predation (Halitschke et al., 2008). Interestingly,
(E)-2-hexenal was also found in extracts of homogenized adults of Geocoris punctipes
(Marques et al., 2000). This could explain as well why this compound is so attractive to these
predators. While (E)-2-hexenal is clearly used by Geocoris spp. when foraging, it is not
essential for predator attraction; mixes without the aldehydes resulted in similar predator
responses than mixes with the aldehydes (Allmann and Baldwin, 2010).
Attraction of natural enemies to OS-induced changes in the (Z)/(E) profile of GLVs
have so far only been recorded for the generalist predator Geocoris spp. and the question
arises whether predation by this natural enemy would be a sufficient source of mortality on M.
sexta to select against this enzyme when alternative versions of the enzyme, i.e. that do not
elicit the GLV-isomerization, have emerged somewhere in a population? While only future
can tell this, we do know that Geocoris is a very abundant predator in the Utah desert; Kessler
and Baldwin (2001) reported that G. pallens was responsible for 95% of the M.
quinquemaculata and M. sexta larvae mortality in the Utah field experiments. Further field
work will reveal whether also other natural enemies are attracted to (E)-GLVs or decreased
(Z)/(E)-ratios, and how they influence the mortality rate of M. sexta.

160

GENERAL DISCUSSION

Figure 6.3. Summary of potential costs and benefits for M. sexta caterpillars to posses a
(3Z):(2E)-enal isomerase. Potential benefits: cytoprotective / antimicrobial, (E)-2-hexenal
might enhance cell survival or might have antimicrobial properties; communication, caterpillars
might “communicate” via isomerase-modified GLV-emissions of plants with conspecific gravid
moths (“this plant is occupied”) or with predators (“take the small one”); signal weakener,
conversion to (E)-GLVs might weaken the efficiency of GLVs to induce or prime neighboring
plant defenses. Potential costs: predator attraction, natural enemies of Manduca caterpillars can
be attracted to (E)-GLVs or low (Z)/(E)-ratios; induces plant defenses, (E)-2-hexenal, its
derivatives or low (Z)/(E) ratios could serve as herbivore specific signal for plants to induce or
prime defenses. If the costs outweigh the benefits this trait will be under negative selection
pressure, and if the benefits outweigh the costs then the trait will be under positive selection.
However, if this trait has a primary essential function for the caterpillar, costs will never
outweigh the benefits (anchor).

2) Induction or priming of plant defenses:
GLVs can be used by neighboring plants or by adjacent leaves of the same plant to
induce or prime their defenses, and this can help the plant to prepare itself for the upcoming
herbivore attack. However, as already mentioned earlier, only few studies directly compared
the efficiency of (Z)- and (E)-GLVs in inducing plant defense responses (Farag and Paré,
2002; Ruther and Furstenau, 2005). It is therefore not clear whether one group of isomers is
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more active than the other, or in other words, whether OS-induced conversion from (Z) to (E)
causes a weakening or an amplification of the signal or whether conversion has no impact on
the strength of the signal at all. In any case (E)-2-hexenal has been shown in several cases to
serve as a potent inducer of plant defenses:
(E)-2-hexenal exposure induced phytoalexin accumulation in cotton balls (Zeringue Jr,
1992). In Arabidopsis thaliana it induced several defense-related genes (Bate et al., 1998) that
closely mimicked methyl jasmonate induction (Arimura et al., 2001). (E)-2-hexenal exposure
furthermore triggered a local and systemic release of several mono- and sesquiterpenes in
tomato plants (Farag and Paré, 2002) which was greater than that of (Z)-3-hexenal exposed
plants. Additionally, Kessler et al. (2006) showed that N. attenuata, when exposed to (E)-2hexenal prior herbivore attack by Manduca caterpillars, increased their trypsin proteinase
inhibitor production more rapidly than did unexposed control plants.
CONCLUSION
In the case of the insect isomerase it remains an open question whether the enzyme
activity is simply maladaptive and hence could be under negative selection; if there is a lifestage dependent or ecological trade-off with respect to the effects of enzyme expression or
whether it is the plant that has adapted to make isomerase- expression backfire by
synthesizing (Z)-3-hexenal i.e. as a “green booby-trap”. Thus, taking the evolutionary time
scale into account, it is still open to debate whether it is the herbivore betraying itself or the
plant betraying the herbivore. By identifying the isomerase from the oral secretions of M.
sexta caterpillars and by silencing the gene in the caterpillar via plant-mediated RNAi we will
shed more light on the role (Z)/(E)-isomerisation of GLVs plays for M. sexta caterpillars.
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SUMMARY
Plants use volatiles like we use our voice – for communication: we can speak softly or loud, in
a pleasant or aggressive tone, and we use different phonemes to form different words and to
transfer different massages. Likewise, plants can tune their volatile bouquet by releasing
different volatile compounds in variable amounts thereby providing their surroundings with
information about their physiological state or the type of attacker. Since plants are frequently
attacked by herbivores, they have developed sophisticated defense strategies. Some defenses
are direct and constitute accumulation of feeding deterrents and toxins. Others are indirect and
constitute the attraction of natural enemies of herbivores via the release of specific volatile
signals. Fatty-acid-derived green leaf volatiles (GLVs) are an important group of herbivore
induced plant volatiles which can function as indirect defense response. They are rapidly
released after wounding or herbivore attack and can thus provide an immediate signal to the
environment. Many herbivores, especially the ones that chew leaf material, produce oral
secretions (OS) while eating, and these OS play an important role in the fine tuning of a
plant’s volatile bouquet; OS contain small molecules and enzymes which are recognized by
the plant upon contact with the wounded leaf surface and which elicit specific defense
responses including the release of herbivore-induced plant volatiles.
In this thesis I described the biosynthesis of GLVs in the wild tobacco Nicotiana
attenuata; how herbivory by the tobacco hornworm Manduca sexta affects the plant’s GLV
composition and what the consequences of these herbivore-induced changes are for herbivores
and predators.
GLVs are derived from the oxylipin pathway, and this pathway consists of several
branches. While one of these branches leads to the formation of GLVs another results in the
formation of the plant hormone jasmonic acid (JA). Both branches use precursors derived
from the action of the enzyme lipoxygenase (LOX), which incorporates molecular oxygen
into fatty acids. Plants can possess more than one LOX and often these LOXs provide
substrate only to a specific branch of the oxylipin pathway. We showed that two LOXs of the
wild tobacco N. attenuata (NaLOX2 and NaLOX3) supply only specific branches: while
NaLOX3 activity is necessary for the formation of JA, NaLOX2 activity is needed to produce
GLVs. This we concluded by generating transgenic tobacco plants with reduced expression of
either NaLOX2 (ir-lox2) or NaLOX3 (ir-lox3) (Chapter 2).
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GLVs comprise a group of volatile compounds with a C6 chain as backbone. The most
abundant GLV released from tobacco plants is (Z)-3-hexenal. This aldehyde can be further
metabolized to its corresponding alcohol or ester, but it can also be converted to its (E)-isomer,
(E)-2-hexenal. We showed that mechanically damaged leaves of the wild tobacco N. attenuata
release large amounts of (Z)-GLVs and small amounts of (E)-GLVs, but that feeding by the
specialist herbivore M. sexta, or the application of their OS onto leaf wounds, dramatically
shifts the isomer ratio from (Z)- to (E)-GLVs. Although (Z)- and (E)-isomers have the same
molecular formula their fragrances can differ tremendously. For example, while (Z)-3-hexenal
mainly accounts for the characteristic smell of freshly cut grass, (E)-2-hexenal has a fruity,
pungent smell. In field experiments we showed that the big-eyed bug Geocoris, a natural
enemy of tobacco hornworms, which feeds on Manduca eggs and early larval instars, can
distinguish between (Z)- and (E)-GLVs and between different (Z)/(E)-ratios and thus uses the
herbivore-induced changes in the GLV profile to find plants with prey. Surprisingly, the rearrangement from (Z)-GLVs to (E)-GLVs was catalyzed by an enzyme present in the OS of M.
sexta caterpillars indicating that the insect is responsible for its own betrayal (Chapter 3).
Not only Geocoris, but also female Manduca moths are able to distinguish between
(Z)- and (E)-GLVs and to use this information for choosing appropriate host plants for their
offspring. We showed that different regions in the brain (the antennal lobe) of M. sexta
females are activated upon stimulation with (Z)- or (E)-isomers. When tested in the field
female moths laid more eggs on those plants that emitted only or more (Z)-GLVs and no or
less (E)-GLVs (Chapter 4). In this way female moths could avoid those plants that are
already occupied by competitors and which have likely already induced their defenses.
We have made the first attempts in identifying the enzyme from M. sexta’s OS that
converts (Z)-3- to (E)-2-hexenal. We collected large amounts of OS from M. sexta caterpillars
and we purified with several biochemical fractionation techniques an active compound, which
was larger than 50kDa and active over a wide pH range (Chapter 5). With the forthcoming
genomic and transcriptomic databases of Manduca sexta we are confident to succeed in
identifying this isomerase.
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Planten gebruiken vluchtige stoffen zoals wij onze stem gebruiken; om te communiceren. We
kunnen zachtjes of luid spreken, met een vriendelijke of agressieve ondertoon en we
gebruiken veranderingen in klank om verschillende woorden te vormen en informatie over te
dragen. Op eenzelfde manier kunnen planten hun geur aanpassen door de emissie van
verschillende vluchtige stoffen te variëren in samenstelling en hoeveelheid. Op deze wijze
kunnen ze informatie over hun fysieke staat of het type plaaginsect wat hen belaagt afgeven
aan hun omgeving. Omdat planten voortdurend blootgesteld worden aan aanvallen van
schadelijke insecten hebben ze geavanceerde verdedigingssystemen ontwikkeld. Sommige
strategieën hebben een direct effect op de aanvallers, zoals de productie en ophoping van gifen/of afweerstoffen in hun weefsels, terwijl een andere strategie bestaat uit het produceren van
geurstoffen waardoor de natuurlijke vijanden van het plaaginsect worden aangetrokken. Dit
laatste is een voorbeeld van een indirect verdedigingssysteem. Een belangrijke groep van
plantgeproduceerde vluchtige stoffen voor de indirecte verdediging zijn de zogenaamde
‘Green Leaf Volatiles’ (GLVs). GLVs worden gevormd in bladeren vanuit vetzuren zodra
planten beschadigd worden door vraat of mechanische schade, waardoor er direct een signaal
aan de omgeving wordt afgegeven. Veel herbivoren, met name degene die op bladmateriaal
kauwen (zoals rupsen), produceren al etend speeksel (orale secretie, OS) dat de samenstelling
van de door de plant afgegeven geur kan veranderen. Het speeksel bevat chemische
substanties en enzymen die door de plant worden herkend zodra ze in contact komen met
beschadigd bladmateriaal. Hierop worden specifieke verdedigingsmechanismen in de plant in
werking gesteld, waaronder de emissie van herbivoor-geïnduceerde vluchtige stoffen.
In dit proefschrift beschrijf ik de biosynthese van GLVs in wilde tabak (Nicotiana
attenuata), hoe deze wordt beïnvloed door vraat van de rups van Manduca sexta en welke
gevolgen deze vraat-geïnduceerde veranderingen in GLV samenstelling hebben voor de
herbivoor en zijn natuurlijke vijand.
GLVs worden gevormd via de oxylipin biosynthese route. Deze biochemische route
splitst zich op in verschillende takken. Een van de takken leidt naar de formatie van GLVs
terwijl de andere tak leidt tot de productie van het plantenhormoon jasmonzuur (JA). Beide
routes worden van substraat voorzien door het lipogygenase (LOX) enzym via oxidatie van
vetzuurketens. Planten kunnen meerdere lipoxygenases hebben en interessant genoeg kunnen
deze specifiek zijn voor één van beide takken. Wij hebben aangetoond dat in wilde tabak twee
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LOX enzymen, NaLOX2 en NaLOX3, specifieke biosynthese routes van substraat voorzien.
NaLOX3 activiteit is noodzakelijk voor de synthese van JA, terwijl NaLOX2 essentieel is
voor de vorming van GLVs. Deze conclusies zijn gebaseerd op werk met transgene
tabaksplanten waarin de expressie van dan wel het NaLOX2 (ir-lox2) gen of het NaLOX3 (irlox3) sterk verlaagd was. Hoewel verlaging van NaLOX2 expressie gerelateerd was aan een
sterk verlaagde productie van GLVs, bleek de formatie van JA en de overige metabolieten in
die biosynthese route onveranderd. Anderzijds bleek verminderde NaLOX3 expressie te leiden
tot een aanzienlijk verlaging in de productie van JA, terwijl de biosynthese van GLVs
onaangetast bleef (Hoofdstuk 2).
GLVs zijn een klasse van geurstoffen die bestaan uit een keten van zes koolstofatomen
als skelet. (Z)-3-hexenal is de meest abundante GLV die afgegeven wordt door tabak. (Z)-3hexenal is een aldehyde die kan worden omgezet naar een corresponderende alcohol of ester,
maar het kan ook worden geconverteerd tot het overeenkomstig (E)-isomeer. Hoewel (E)-2hexenal dezelfde moleculaire formule heeft als (Z)-3-hexenal, is de structuurformule anders.
We hebben laten zien dat mechanisch verwonde bladeren van wilde tabak grote hoeveelheden
(Z)-GLVs en kleine hoeveelheden (E)-GLVs emitteren. Echter, bij vraat door de op
tabaksplant gespecialiseerde rups M. sexta, of na aanbrengen van M. sexta speeksel op
mechanisch verwond weefsel, bleek de verhouding van de verschillende isomeren drastisch te
verschuiven van (Z)- naar (E)-GLVs. Hoewel beide isomeren dezelfde structuurformule
hebben, verschillen de geuren enorm van elkaar. (Z)-3-hexenal bepaalt voor het grootste
gedeelte de karakteristieke geur van vers gemaaid gras, terwijl (E)-2-hexenal een scherpe,
fruitige geur heeft. In veldexperimenten bleek dat de natuurlijke vijand van de M. sexta rups,
de ‘big-eyed bug’ Geocoris, een wantssoort die zich voedt met Manduca eitjes en jonge
larven, onderscheid kan maken tussen (Z)- en (E)-GLVs en tussen verschillende (Z)/(E)ratios. Deze wants gebruikt dus de door de herbivoor geïnduceerde veranderingen in het
vluchtige stoffen profiel van de plant, om zijn prooi te lokaliseren. Tijdens gedetailleerd
onderzoek in het laboratorium bleek vervolgens dat de omzetting van (Z)-GLVs naar (E)GLVs wordt gekatalyseerd door enzymen die aanwezig zijn in het speeksel van de rups.
Verbazingwekkend genoeg blijkt dus dat niet de plant, maar het insect zelf zijn aanwezigheid
op de plant verraad (Hoofdstuk 3).
Niet alleen ‘big-eyed-bug’ Geocorus kan onderscheid maken tussen de isomeren, maar
ook de M. sexta vrouwtjesmotten gebruiken deze informatie om een geschikte waardplant te
vinden voor hun nageslacht. We hebben aangetoond dat (Z)- en (E)-GLVs verschillende
regio’s in de hersenen (antennale kwabben) van het mottenvrouwtje stimuleren. De mot legt
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meer eitjes op planten die alleen, of voornamelijk, (Z)-GLVs emitteren (Hoofdstuk 4). Op
deze manier kunnen motten planten vermijden die al bevolkt zijn door rupsen en wier
verdedigingssysteem al geïnduceerd is.
De eerste stappen richting de identificatie van het enzym dat verantwoordelijk is voor
de omzetting van (Z)-3- naar (E)-2-hexenal in het speeksel van de M. sexta rups, zijn gezet.
We hebben grote hoeveelheden speeksel van de rups verzameld en via verschillende
biochemische fractionerings- en opzuiveringstechnieken hebben we een actieve component
geïsoleerd, die binnen een brede pH range actief is en een massa van groter dan 50kDa heeft
(Hoofdstuk 5). Ik ben ervan overtuigd dat we binnenkort, als de genomische en
transcriptionele databanken van M. sexta beschikbaar zijn, het verantwoordelijke isomerase in
het speeksel van de rups zullen identificeren.
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Pflanzen gebrauchen Duftstoffe, so wie wir unsere Stimme – zur Kommunikation: wir können
laut und leise sprechen, mit freundlichem oder aggressivem Unterton, und wir gebrauchen
unterschiedliche Laute um Wörter zu formen und Informationen zu übermitteln. Bei Pflanzen
entsprechen die unterschiedlichen Laute den produzierten Duftstoffen und die Lautstärke
entspricht den absoluten Mengen an freigesetzten Duftstoffen. Sie „tunen“ ihr
Duftstoffbouquet in dem sie sowohl die Zusammensetzung als auch die Menge der einzelnen
Duftstoffkomponenten variieren. Auf diese Weise können sie ihrer Umgebung unter anderem
Informationen über ihren Gesundheitszustand zukommen lassen, oder von welchen Insekten
sie gerade attackiert werden. Da Pflanzen ständigen Attacken durch Insekten ausgesetzt sind,
haben sie ein ausgeklügeltes Verteidigungssystem entwickelt. Einige Verteidigungsstrategien
haben einen direkten Effekt auf die Angreifer: Pflanzen können zum Beispiel Gifte in ihrem
Gewebe anreichern und Insekten damit am Fressen hindern. Andere Verteidigungsstrategien
sind indirekt und funktionieren indem die Pflanzen Duftstoffe in die Umgebung abgeben und
somit die natürlichen Feinde ihrer Angreifer anlocken. Eine wichtige Gruppe dieser flüchtigen
Pflanzenduftstoffe sind die sogenannten „Green Leaf Volatiles“ (GLVs), grüne Blattduftstoffe,
die aus Fettsäuren hergestellt werden. GLVs werden von der Pflanze emittiert, sobald sie
mechanisch verwundet oder durch Insekten angefressen wird. Viele Pflanzenfresser, und
besonders die, die Pflanzenmaterial zerkauen, produzieren während des Fressvorgangs ein
Mundsekret, dass eine wichtige Rolle bei der Duftstoff-Feinabstimmung der Pflanze spielt.
Dieses Mundsekret enthält chemische Substanzen und Enzyme die von der Pflanze erkannt
werden sobald sie mit dem verwundeten Blattmaterial in Berührung kommen. Die Pflanze
fährt daraufhin ihre Verteidigung hoch, und initiiert unter anderem auch eine vermehrte
Freisetzung von Duftstoffen. GLVs stellen eine dieser Duftstoffgruppen dar.
In meiner Doktorarbeit beschreibe ich wie GLVs von wildem Tabak, Nicotiana
attenuata, synthetisiert werden, wie Pflanzenfraß durch Raupen des Tabakschwärmers
Manduca sexta die Zusammensetzung von GLVs beeinflusst und was für Konsequenzen diese
Veränderung der Duftstoffkomposition auf Insekten und deren Fraßfeinde hat.
GLVs werden durch den Oxylipin- Biosyntheseweg produziert, der mehrere
Abzweigungen besitzt. Eine Abzweigung führt zur Synthese von GLVs, ein anderer zur
Herstellung des Pflanzenhormons Jasmonsäure (JA). Beide Abzweigungen erhalten ihr
Substrat durch eine Lipoxygenase (LOX), ein Enzym, das molekularen Sauerstoff in
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Fettsäuren einbaut. Pflanzen können mehr als eine Lipoxygenase kodieren. Interessanterweise
versorgen manche dieser Enzyme nur einzelne Abzweigungen des Oxylipin- Synthesewegs
mit oxigenierten Fettsäuren. Wir haben gezeigt, dass zwei Lipoxygenasen des wilden Tabaks
(NaLOX2 und NaLOX3) nur spezifische Abzweigungen versorgen: Während NaLOX3
Aktivität für die Bildung von Jasmonsäure notwendig ist, gebraucht die Pflanze NaLOX2 um
GLVs zu produzieren. Diese Schlussfolgerungen beruhen auf Arbeiten mit transgenen Tabak
Pflanzen bei denen entweder die Genexpression von NaLOX2 (ir-lox2) oder NaLOX3 (ir-lox3)
deutlich verringert war. Während eine reduzierte NaLOX2 Expression die Produktion von
GLVs stark beeinflusste, ohne dabei die Jasmonsäure Werte in der Pflanze zu verändern,
führte die Reduktion der NaLOX3 Expression zu deutlich niedrigeren Jasmonsäure Werten,
ohne dabei die Emission von GLVs zu beeinflussen (Kapitel 2).
GLVs bestehen aus einem Gerüst aus 6 Kohlenstoffatomen. (Z)-3-hexenal ist dabei das GLV
das von der Tabakpflanze in den größten Mengen produziert wird. Dieses Aldehyd kann zu
seinem entsprechenden Alkohol und dessen Ester, oder zu seinem (E)- isomer, (E)-2-hexenal,
umgewandelt werden. Während (E)-2-hexenal dieselbe molekulare Formel wie sein (Z)isomer besitzt, ist die Struktur eine andere.
Wir konnten zeigen, dass mechanisch verwundete Blätter des wilden Tabaks große
Mengen an (Z)- GLVs und geringe Mengen an (E)- GLVs freisetzen. Erstaunlicherweise
veränderte sich das Verhältnis von (Z)- und (E)- GLVs dramatisch, wenn Raupen des
Tabakschwärmers von der Pflanze aßen, oder wenn kleine Mengen an Mundsekret der Raupe
auf den Blattwunden verteilt wurden. Obwohl (Z)- und (E)- isomere die gleiche molekulare
Formel besitzen, können sich deren Gerüche sehr voneinander unterscheiden. Während (Z)-3hexenal zum Beispiel nach frisch geschnittenem Grass riecht, besitzt (E)-2-hexenal einen eher
süßlich beißenden Geruch. In Feldexperimenten konnten wir zeigen, dass Wanzen der
Gattung Geocoris, die auf Grund ihrer großen Augen auch „big-eyed bugs“ genannt werden
und sich von Eiern und kleinen Raupen des Tabakschwärmers ernähren, (Z)- und (E)- GLVs
sowie unterschiedliche (Z)/(E)-Verhältnisse unterscheiden können. Folglich registrieren die
natürlichen Feinde von Manduca Raupen die Veränderungen in der GLV- Zusammensetzung
und gebrauchen diese „flüchtigen“ Informationen um Pflanzen mit entsprechender Beute zu
finden. Erstaunlicherweise stellte sich bei näheren Untersuchungen im Labor heraus, dass die
Umwandlung von (Z)-3- zu (E)-2-hexenal durch ein Enzyme im Mundsekret der Raupe
katalysiert wurde und dass somit in diesem Fall die Raupe selbst und nicht die Pflanze für
ihren eigenen Verrat verantwortlich ist (Kapitel 3).
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Nicht nur Geocoris, sondern auch die Weibchen des Tabakschwärmers können (Z)und (E)- GLVs unterscheiden und diese Information gebrauchen um geeignete Pflanzen für
ihre Nachkommen zu finden. Wir konnten zeigen, dass (Z)- und (E)- isomere unterschiedliche
Regionen im Gehirn der Mottenweibchen (Antennallobus) aktivieren und dass Motten im Feld
mehr Eier auf solche Pflanzen ablegten, die mit (Z)- und nicht mit (E)-GLVs parfümiert
wurden, oder deren (Z)/(E)- Verhältnis relativ hoch war (Kapitel 4). Auf diese Weise können
Motten solche Pflanzen vermeiden, die schon von anderen Raupen befallen sind und die ihr
Verteidigungssystem wahrscheinlich bereits hochgefahren haben.
Die ersten Schritte zur Identifizierung des Enzym, dass für die Umwandlung von (Z)3- zu (E)-2-hexenal verantwortlich ist, sind getan. Wir haben bereits größere Mengen and
Raupen-“spucke” gesammelt und mit Hilfe von biochemischen Fraktionierungsmethoden eine
aktive Fraktion aufgereinigt, die größer als 50kDa und in einem großen pH-Bereich aktiv ist
(Kapitel 5). Mit den in Kürze zur Verfügung stehenden genomischen und transkriptomischen
Datenbanken von Manduca sexta sind wir zuversichtlich, die Isomerase bald zu identifizieren.
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