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The relatively new research field of Chemical Ecology has, over the last two decades, revealed an

important role of plant-produced volatile organic compounds (VOCs) in mediating interactions

between plants and other organisms. Of particular interest are the volatile blends that plants

actively emit in response to herbivore damage. Various efforts are underway to pinpoint the

bioactive compounds in these complex blends, but this has proven to be exceedingly difficult.

Here we give a short overview on the role of herbivore-induced plant volatiles in interactions

between plants and other organisms and we review methods that are currently employed to collect

and identify key volatile compounds mediating these interactions. Our perspective on future

directions of this fascinating research field places special emphasis on the need for an

interdisciplinary approach. Joint efforts by chemists and biologists should not only facilitate the

elucidation of crucial compounds, but can also be expected to lead to an exploitation of this

knowledge, whereby ecological interactions may be chemically manipulated in order to protect

crops and the environment.

Introduction

Until recently, it was not common knowledge that plants have

a way to express themselves. They mainly do so by emitting

odours and the chemical composition and intensity of these

odours can carry information on the plants’ physiological

status and on the stresses that they are being subjected to. In

fact, plants emit an enormous spectrum of volatile organic

compounds (VOCs). At present, more than 1000 of these low

molecular weight organic compounds are known, ranging

from terpenoids, fatty acid derivatives, benzenoids and

phenylpropanoids, C5-branched compounds and various

nitrogen and sulfur containing compounds.1 Some of these

VOCs are constitutively emitted by undamaged, healthy

plants, but herbivore damage commonly induces plants to

emit much larger amounts and may even cause several VOCs

to be synthesised de novo2–4 (Fig. 1). These herbivore-induced

plant volatiles (HIPVs) are known to be emitted by various

parts of the plant, including leaves4–7 and flower buds8 as well

as roots.9 Not only feeding by a herbivorous insect induces the

release of HIPVs; even deposition of eggs by herbivorous

insects has been shown to induce the plant to emit HIPVs.10–12

In addition, HIPV emission is not limited to the site of damage

but occurs systemically throughout the plant, also from

undamaged leaves.13–17 Many insects are well aware of this

fragrant lingo of plants and have evolved ways to exploit it

(Fig. 2). Recently, researchers have also become aware of this

and now HIPV emissions have been the subject of an

increasing number of investigations that have revealed an

important role of HIPVs in communication and self-

protection. Although molecular and genetic approaches

are now frequently applied to reveal the intricacies of
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plant-mediated interactions, the chemical analyses of HIPVs

remain an integral part of virtually all studies.

Below we provide a short overview of what is known about

the physiological and ecological role of HIPVs in interactions

between plants and other organisms (for recent reviews see ref.

18–21), we further review methods commonly used by

biologists to collect and analyse HIPVs and highlight the

challenges that remain to be tackled in this area of research.

The focus is on techniques used to study the importance of

such HIPVs for the attraction of arthropods aboveground, and

we propose some methods that could be useful in future

studies, including the analysis of HIPVs belowground. Further

details on these techniques and on techniques used to analyse

plant VOCs in general have been described and reviewed

elsewhere (e.g. ref. 22–26). Finally, we discuss and stress the

importance of testing the biological relevance of HIPVs with

appropriate behavioural bioassays and we propose that the

remarkable sensitivity of insect chemoreceptors to VOCs make

them exploitable as tools for future research on plant odours.

Physiology, ecology and application of biologically
relevant HIPVs

HIPV-blends are complex and consist of a variety of divergent

VOCs, including alkanes, alkenes, aldehydes, alcohols,

ketones, ethers, esters and carboxylic acids. It is unlikely that

every VOC emitted by plants serves an ecological or

physiological role27 and there is still disagreement about the

evolutionary history and function of plant VOCs.20,27–33

Undoubtedly, HIPVs play a central role in mediating

interactions between plants and herbivores, between herbi-

vores and their natural enemies, between plants and micro-

organisms, but also between plants themselves.21,34,35 For

example, laboratory studies have shown that HIPVs deter

oviposition by arthropod herbivores,36,37 attract natural

enemies of these herbivores4,5,9 and even induce defence genes

and VOC emission in neighbouring plants38–40 or prime these

plants to respond faster to future herbivore attack.41 In field

studies, HIPVs have been shown to have the potential to

Fig. 1 Example of GC-FID chromatograms obtained with the collected volatiles of 10-day old maize seedlings, (A) seedlings infested

with Spodoptera littoralis larvae (B) undamaged seedlings. Further details on material and methods are given by D’Alessandro and Turlings.103

Compounds are: 1 = (Z)-3-hexenal, 2 = (E)-2-hexenal, 3 = (E)-3-hexen-1-ol, 4 = b-myrcene, 5 = (Z)-3-hexen-1-ol acetate, 6 = linalool, 7 = (3E)-4,8-

dimethyl-1,3,7-nonatriene, 8 = benzyl acetate, 9 = phenethyl acetate, 10 = indole, 11 = methyl anthranilate, 12 = geranyl acetate, 13 = (E)-

b-caryophyllene, 14 = (E)-a-bergamotene, 15 = (E)-b-farnesene, 16 = unknown sesquiterpenoid, 17 = unknown sesquiterpenoid, 18 =

b-sesquiphellandrene, 19 = (E)-nerolidol, 20 = (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene. IS1 and IS2 = internal standards.

Fig. 2 A female of the parasitic wasp Cotesia marginiventris lays an

egg in a caterpillar. The wasp found its victim with the use of volatiles

emitted by the plant in response to being damaged by the caterpillar.

Picture by Matthias Held.
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reduce the damage by pests of various plants including crop

plants.9,42–45 This opens the possibility of exploiting HIPVs for

the development of novel strategies in crop protection. Indeed,

an experiment whereby a hop yard was baited with methyl

salicylate (MeSA) resulted in a significant increase in the

numbers of beneficial predatory insects and in a dramatic

reduction in spider mite numbers, the major arthropod pest of

hops.46 Recent advances in the biochemistry and molecular

genetics of terpene biosynthesis in various plant families47–59

should enable breeders to engineer plants to emit odours that

more effectively attract the enemies of herbivores and thus

reduce herbivory.60,61 That this is a realistic possibility was

demonstrated with Arabidopsis thaliana plants that were

transformed with sesquiterpenoid synthase genes, making

them release two additional terpenoid compounds that were

attractive to the predatory mites, Phytoseiulus persimili.62

Further field studies with synthetic HIPVs and genetically

modified plants releasing such HIPVs will provide additional

indications as to whether such manipulations could be

included in agricultural practices to protect crops and the

environment.

Various studies have provided detailed knowledge on the

physiological and molecular basis of plant volatile synthesis

and indirect defence responses in plants (reviewed by ref.

1,18,19). Still, our understanding of how the biosynthetic

pathways are induced and interact with each other is

rudimentary, probably because the induction and emission of

HIPVs depends on the interaction between biotic factors, such

as plant hormones,19,63–68 herbivore-derived elicitors,69–74

associated microorganisms75,76 and abiotic factors, such as

wounding,77–80 O3 and CO2 concentration,81–84 temperature

and light,85–87 UV-radiation88 and many other factors.89,90

Applying several stresses simultaneously to get a better

understanding of how different pathways interact, will be

one of the challenges in future studies on the physiology of

plant volatiles.

There is a current boom in interest among ecologists to

include the belowground interactions in studies on plants and

associated organisms,91–94 and VOCs have been found also to

be involved in tritrophic signalling belowground.16,95–97 Chen

et al.98 characterized a root-specific Arabidopsis terpene

synthase responsible for the formation of the volatile mono-

terpene 1,8-cineole, which is possibly involved in belowground

interactions. Recently, Rasmann et al.9 identified a sesquiter-

pene, (E)-b-caryophyllene, as a belowground herbivore-

induced volatile signal that attracts entomopathogenic

nematodes, which infect and kill larvae of the corn rootworm,

Diabrotica virgifera virgifera, a voracious pest of maize.

Another challenge in future studies will be to determine how

such belowground interactions might influence aboveground

volatile emissions and vice versa.

Collection and analysis of HIPVs

Sampling aboveground

The literature on HIPVs released by vegetative plant parts is

vast and is continuously growing. In most cases it is unknown

which compounds have biological activity and therefore

biologists mostly try to sample and analyse the full range of

HIPVs. This is usually achieved by collecting VOCs in the

headspace of herbivore-induced plants that are enclosed in

collection chambers using an adsorbing material with a

relatively broad spectrum of adsorption (e.g. ref. 4,99).

Subsequently the collected volatiles can be analysed by gas-

chromatography (GC) and mass-spectrometry (MS) or a

combination of both (GC/MS).

Fig. 3 shows the frequency with which the most commonly

used sampling methods have been applied in the research of

HIPVs during the last 10 years. Although this literature survey

probably includes only part of all studies on herbivore-induced

volatiles, it is clear that collection on adsorbents followed by

desorption with solvents has been the most commonly used

method. One advantage associated with solvent desorption is

that it results in liquid samples that can be stored, which then

can be used several times. This can be very useful for repeated

analyses in GC, GC/MS and GC-EAD (gas-chromatography

and electroantennogram-detection),100 for further fractiona-

tion,101 for peak enhancement coinjections102 and for bioas-

says.103–105 Adsorbents and solvents used in these studies vary,

but the porous polymer Super Q106 (80–100 mesh, Alltech,

Deerfield, Illinois, USA) and the solvent dichloromethane are

widely used by many groups. Although this adsorbent–solvent

combination has proven highly effective in HIPV adsorption

and desorption, Harper107 argues that more than one

adsorbent might be required to cover different classes of

compounds, such as amines, aldehydes and aromatic hydro-

carbons. There exist a wide range of adsorbent materials that

can be used for this purpose, including activated charcoal,

Anasorb 747, carboxens, silica gel, carbon molecular sieves

and porous polymers such as Tenax, Chromosorb.107,108

Choosing a combination of appropriate adsorbents may

increase the number of compounds found in HIPV-blends.

Still, only a small volume of the desorbed compounds can be

injected into the GC, leaving minor compounds undetected,

and the solvent peak can mask some highly volatile

compounds. These problems can be avoided by using a

desorption method without solvent, like thermal desorption,

or solid-phase microextraction (SPME).22,24,108–113

The SPME technique employs a small fibre coated with an

adsorbing material and has found widespread application in

many fields, mostly for qualitative and semi-quantitative

analyses in environmental and food analyses, but also

Fig. 3 The most commonly used HIPV collection methods during the

last ten years. The numbers represent the number of studies found with

a search on the ‘‘Web of Science’’ by entering the terms: ‘‘induc* and

volatil* and plant*’’ from 1995–2004.
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quantitatively in analytical chemistry.22 SPME has also gained

increasing popularity in analyses of living biological samples,

including plant VOCs111 (Fig. 4). It has a number of

advantages, like simplifying sample preparation, increasing

reliability, selectivity and sensitivity and reducing analysis time.

Various coating materials for the SPME fibres are avail-

able,22,24,111 and choosing the appropriate fibre and sampling

conditions are crucial for this technique to be effective. Still,

the biggest limitation of SPME in studies on HIPVs is that

the sample is lost after analysis and cannot be used for further

analyses, GC-EAD, bioassays or fractionation.

Higher selectivity and sensitivity could also be obtained by

using techniques specifically adapted for compounds with

known functional groups. For example, damaged Allium

plants produce and release sulfur containing VOCs, presum-

ably to prevent insect herbivory.114 To analyse true

onion volatiles, Arnault et al.115 used a combination of

SPME-GC/MS and solvent extraction followed by GC/MS

analyses specifically developed for these compounds. Other

compounds might be trapped by using microchemical techni-

ques such as derivatization and degradation methods.116,117

Such techniques have played crucial roles in the determination

of the structure of insect pheromones118,119 and are widely

used in ambient air analyses.110,120–122 In pheromone studies,

micro-reactions have three main uses; derivatization to aid

chromatographic properties, functional group modification to

help with MS structure determination, and assignment of

absolute configuration to chiral centres.118 In analyses of

HIPVs these techniques are rarely used, despite the fact that

such techniques seem ideal for sampling trace amounts or

highly reactive VOCs, which are difficult to sample with

any other technique. For example, aldehydes can be sampled

using a 2,4-dinitrophenylhydrazine (DNPH)-coated filter,

and amines with a filter coated with 1-naphthyl isothiocya-

nate.122 Pre-treated filters are available from various

companies (e.g. Supelco, SKC) and can easily be adapted to

selectively adsorb HIPVs with a specific functional group. In

our research, we used DNPH-coated silica (Supelco) to

selectively adsorb 3-(Z)-hexenal and 2-(E)-hexenal, the two

major aldehydes emitted by maize plants under caterpillar

attack (see below and Fig. 5).

An additional problem faced in analyses of HIPVs is that

the release of some volatiles is highly dynamic, depending on

the time after the plant is damaged,3,123 but also on the time of

day36,124 and even season.89,125,126 Insects can perceive minor

changes in odour quantity and quality. Therefore, a good

understanding of the kinetics of formation and release of

HIPV is highly desired. Specifically designed and automated

headspace collection systems and GC-analyses allow time

dependent collection of volatile plant compounds,3,99,127 and

novel techniques even allow real time analyses of the emission

of VOCs. For example, proton-transfer-reaction mass spectro-

metry (PTR-MS)128–130 and portable artificial noses131 permit

fast sampling and real time (one measurement per second)

analyses of plant volatiles and thus provide new insights into

the kinetics of plant volatile releases. These techniques have

the limitation that they do not distinguish between different

VOCs with the same mass. Yet, Penuelas, Filella and co-

workers132 nicely show that the PTR-MS technique can be

used to monitor small volatiles, like methanol released by

Succisa pratensis leaves infested with caterpillars of

Euphydryas aurinia. Such highly volatile compounds are likely

to break through from sorbent tubes or are masked by the

solvent peak in liquid sample GC-analyses and are seldom

reported in HIPV studies using sorbent trapping.

To fully understand how HIPVs are produced and released,

more comprehensive metabolomic approaches are needed.

Schmelz et al.66,133 have introduced an elegant technique

based on vapour phase extraction and analysis by chemical

ionization-GC/MS that simultaneously analyses phytohor-

mones, phytotoxins, and VOCs in plants. Derivatization

techniques are widely employed in metabolic profiling

(reviewed in ref. 134) and combining metabolic and transcript

Fig. 4 Relative increase of the use of SPME to collect plant volatiles.

The graph depicts the percentage of all surveyed plant volatile

collection studies that employed the SPME technique. This informa-

tion was obtained with a search on the ‘‘Web of Science’’ using the

terms: ‘‘SPME and plant* and volatil*’’ and ‘‘volatil* and plant*’’.

Fig. 5 GC-MS chromatograms obtained with the collected volatiles

of caterpillar-infested maize seedlings. (A) Complete caterpillar-

induced maize blend adsorbed on Super-Q filters and desorbed with

dichloromethane. (B) Volatiles from the same blend after it was passed

over a DNPH-coated silica filter, which selectively adsorbs carbonyl

compounds. This breakthrough blend of HIPVs was collected and

analysed as in (A). Further details on material and methods are given

by D’Alessandro and Turlings.103
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analyses might provide new insights into which genes are

involved in the production of HIPVs.135

Deciding on which technique to use remains difficult, as

several comparisons of different sampling techniques can

result in quantitative and qualitative differences.136–138 We

suggest that the most reliable results in HIPV-analyses can be

expected from the use of a combination of different

approaches, including techniques specifically developed and

calibrated for quantification of compounds with known

functional groups. Knowing the exact relative quantities can

be essential because often ratios among different compounds

can be important in determining the attractiveness of odour

blends to insects.139–141

Sampling belowground

Studies on belowground interactions bring new challenges to

develop collection and analytical methods. So far, research on

belowground allelochemicals mainly used extracts of root

exudates,142–144 but other methods to analyse VOCs from soil

samples are also available.130,145–150 As in aerial VOC analyses,

comparing various sampling methods can lead to different

quantities of VOCs.148 It is therefore pertinent to include more

than one method in the belowground collections. The soil is

much more heterogeneous than the air and large differences in

soil properties and VOC concentrations can occur over

extremely short distances, which must be taken into account

during sampling.151 Biotic and abiotic factors that are known

to affect the quantity and quality of HIPV-blends above-

ground are likely to significantly affect belowground volatiles

as well. Therefore, a major challenge for the analyses of

belowground HIPVs will not only be to choose appropriate

sampling and analysis tools, but also to obtain detailed

knowledge on their kinetics, concentrations and distribution

in the soil. Probably a good way to start is to analyse HIPVs

in relatively well-defined, homogeneous soil types and then to

repeat the measurements in more complex soils as well as in

field experiments. For example, to determine the role of insect-

induced (E)-b-caryophyllene from maize roots as an

attractant for nematodes, an initial comparison was made

between insect-damaged and undamaged maize roots, using

pulverized roots. In subsequent tests, it was confirmed that

(E)-b-caryophyllene rapidly diffuses through sand and

attracts the nematodes, and finally the attractiveness of this

sesquiterpene was tested in field experiments under natural

conditions.9

Bioassays and bioassay-linked HIPV analyses

Using HIPVs as novel tools in crop protection implies not only

a need for detailed knowledge about the biosynthesis and

release of plant VOCs, but also about the perception and

exploitation of these chemical signals by the animals. The

identification of the specific, behaviourally active compounds

within a complex blend has proven to be difficult. Commonly,

such compounds are identified with a combination of

behavioural studies and chemical analyses of the tested odour

blends.36,103,105,152–156 Another frequently practised method is

gas chromatography combined with electroantennogram

detection (GC-EAD) or with single cell recordings

(GC-SCR),157 whereby the end of the GC column is split

and one part of the effluent passes into the normal flame

ionization detector (FID) and the other part is passed over an

antenna or a single olfactory sensillum of the study insect.

With the use of electrodes and amplifiers the responses of the

antennal receptors can be measured and registered.

Correlating these responses with the chromatogram obtained

with FID detection reveals which compounds are perceived by

the antennae.100,158–162 Advances in this methodology that

allow recordings to be made inside the central nervous system

in combination with the novel technique of in vivo calcium-

imaging have helped neurobiologists to start to understand

how plant VOCs are detected and processed by insects.163–165

While methods such as GC-EAD or GC-SCR might give

information on whether a compound is perceived by the

olfactory system of an animal,157 only behavioural tests will

show if the animals are indeed attracted or repelled by a

particular compound. So far, methods for testing the attrac-

tiveness of odour blends to arthropods consisted mainly

of dynamic air bioassays using olfactometers,166,167 wind

tunnels,4,168,169 or static air bioassays.170,171 In these experi-

ments arthropods are released at a defined distance from an

odour source and their behaviour and attraction is recorded.

In most cases chemical information on the odour sources had

to be obtained in separate analytical studies. However, natural

HIPV-blends exhibit not only high interspecific and intraspe-

cific variability,172–174 but quantity and quality of the

compounds depends also on the degree and time after

infestation.3,175 To account for such variation, newer

approaches attempt to standardize odour blends and to closely

link chemical profiles with the insect behaviour.175,176 For

example, we have developed an olfactometer in which six

odour sources can be tested simultaneously for their relative

attractiveness, and during the assays part of each odour blend

can be trapped for further analyses.175 This device not only

provides a direct link between the chemical profiles and the

insect behaviour, but it also allows direct comparison of the

attractiveness of a multitude of odour sources with multi-

variate statistical approaches, including principal component

analysis (PCA) and redundancy analysis (RDA). Multivariate

statistical analyses are widely applied in analyses of food

volatiles177–179 and might also provide additional information

in the analyses of HIPVs172,180 and reveal key compounds that

attract arthropods.

Another way of studying the importance of individual VOCs

within a complex blend is to compare the attractiveness of

volatile blends differing in only a few known compounds.

These blends can be obtained by using different chemical

elicitors and inhibitors181–183 or by silencing genes involved in

indirect defences.184,185 Adding back missing VOCs to

incomplete blends is a sound way to study the importance of

individual compounds. For example the predatory mite

Phytoseiulus persimilis prefers a methyl salicylate (MeSA)-

containing volatile blend, induced by the spider mite

Tetranychus urticae to a similar but MeSA-free blend, induced

by jasmonic acid.152 Adding synthetic MeSA to the MeSA-free

blend significantly increased attraction to this odour, suggest-

ing an important role for MeSA as a foraging cue for this

predatory arthropod.152,186
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We used an additional approach to obtain blends differing

in only a few known compounds,103 for which we modified the

six-arm olfactometer described by Turlings et al.175 in order to

install adsorbing filter tubes between the odour source vessels

and the arms of the olfactometers. By passing the induced

volatile blend over these filter tubes, some compounds can be

retained by the adsorbent material, while others break through

and can be tested for attraction (Fig. 5). Furthermore,

synthetic compounds can readily be added to the HIPV-blend

and thus we are able to evaluate the importance of individual

or groups of specific compounds. This novel technique has

revealed an unexpected importance of minor compounds for

the attraction of parasitic wasps to the complex HIPV-blends,

whereas several of the dominating compounds appear to be

only important after the wasps learn to associate them with the

presence of hosts.103 These experiments once more showed that

responses towards HIPVs are not fixed. Indeed, it is well

known that responses of insects to VOCs are highly plastic,

depending on the physiological state of the animals and on

previous experiences with odour sources.187–189 Different

forms of learning may modify the perception of chemical

compounds and the response of insects towards odour

sources.190–193 This flexibility in the insects’ responses, as well

as the great variability in the odours produced172,174,194–196

duly complicates the elucidation of key attractants, and

learning experiments should be included in behavioural assays.

Conclusions and prospects

HIPVs play crucial roles in the interactions among various

organisms. A good understanding of the key compounds

involved in these interactions will not only provide important

fundamental ecological knowledge, but should also allow us to

manipulate certain of these interactions to our advantage,

especially in agriculture. The complexity and variability of

volatile blends emitted by herbivore-infested plants have

proven to greatly complicate the identification of the principal

compounds mediating interactions between the emitting plants

and associated organisms. Renewed efforts should be made to

integrate and adapt the latest techniques in analytical

chemistry for this purpose. Choosing appropriate methods

for sampling and analysing HIPVs is crucial. It might be

possible to directly exploit insects’ olfaction and behaviour to

develop new selective and sensitive biosensors.197–201 Insect

chemoreception is known to be more sensitive and specific

than any chemical detection system available today.189 For

example, in the moth Spodoptera littoralis, a change in

heartbeat frequency can be triggered when fewer than six

molecules of a key pheromone component hit the antennae of

the insect.202 Thus, the insects themselves might be most

capable of informing us on which are the key substances that

they use in their behaviour. Including well-designed electro-

physiological and behavioural bioassays can provide essential

additional information about bioactive compounds that

cannot or can barely be detected in chemical analyses. In

future studies biosensing techniques including electronic

noses203–206 might add to classical chemical analyses of

HIPVs. If biologists, chemists and engineers join forces in this

effort they will undoubtedly be able to fully unravel the

fascinating world of chemically-mediated interactions between

plants and their biotic environment. Such insight will then

open the way to manipulate the interactions for our own

benefit.
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11 R. Schröder, M. Forstreuter and M. Hilker, Plant Physiol., 2005,

138, 470–477.
12 R. Mumm, K. Schrank, R. Wegener, S. Schulz and M. Hilker,

J. Chem. Ecol., 2003, 29, 1235–1252.
13 T. C. J. Turlings and J. H. Tumlinson, Proc. Natl. Acad. Sci.

USA, 1992, 89, 8399–8402.
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