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Abstract. Chemical cues that convey information are widely used by living organisms. The cues mediate
interactions in food webs as well as non-trophic interactions such as interactions between conspecific
organisms or between plants and natural enemies of herbivorous organisms. Communities are composed
of food webs and each food web is overlaid with a reticulate infochemical web that is more complex than
the underlying food web. Chemical ecology has addressed the role of information conveyance in
intraspecific and interspecific interactions and has mostly concentrated on elucidating the identity of
chemicals and their role in individual interactions of food webs. In addition, the role of infochemicals has
been investigated in multitrophic interactions.

Recently, several exciting developments have taken place. On the one hand, chemical ecologists
more and more address molecular mechanisms underlying the production of infochemicals and the
responses to the cues, such as signal transduction and gene expression. On the other hand, studies on the
role of infochemicals in population and community ecology have been initiated. These developments are
not independent of each other, and knowledge of mechanisms will provide important tools for
investigating the role of infochemicals in populations and communities. This will be discussed especially
in the context of insect—plant communities.
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INTRODUCTION

Chemical information conveyance is omnipresent in biological systems. Chemical
cues are a major source of information for very different organisms ranging from
micro-organisms to mammals (e.g. Dicke and Grostal 2001; Kats and Dill 1998;
Penn 2002; Roitberg and Isman 1992; Tollrian and Harvell 1999), and infochemicals
play a role in terrestrial, aquatic and soil ecosystems (Van Tol et al. 2001; Rasmann
et al. 2005; Roitberg and Isman 1992; Tollrian and Harvell 1999; Dicke and Takken
in press). Chemical information affects various behaviours that underlie population
dynamics and food-web interactions, including the selection of food, the selection of
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mates, competition and the avoidance of predators (e.g. Dicke and Vet 1999; Hilker
et al. 2002; Kats and Dill 1998; Roitberg and Isman 1992; Sabelis et al. 1999;
Turlings and Benrey 1998; Wertheim et al. 2005). Therefore, chemical information
is an important factor influencing species interactions and most likely also
community processes (Kessler et al. 2004; Van Donk in press; Vet 1999). However,
the study of chemical information conveyance has been mostly restricted to studies
at the level of individual organisms and the identification of the chemicals that
convey the information. The influence of chemical information on food-web
processes has received little attention (Hunter 2002; Vet 1999; Wertheim et al.
2005), in contrast to effects of direct trophic interactions (Morin 1999). Yet,
circumstantial evidence indicates that chemical information from phenotypically
plastic plants can have important influences on food-web dynamics through indirect
effects that combine bottom-up and top-down effects (Dicke and Vet 1999; Sabelis
et al. 1999). Moreover, pheromones that mediate intraspecific interactions among
animals may have important consequences for food-web interactions (Wertheim
2005; Wertheim et al. in press). Empirical support should come from manipulative
experiments, such as manipulations of infochemical emission phenotype, that
compare food-web processes in the presence and absence of infochemicals. The
ability to manipulate the infochemical phenotype in specific and well-known ways is
indispensable for this approach. Such experiments have recently come within reach.
This provides a modern, novel and exciting interdisciplinary approach to ecology
that is possible because of recent breakthroughs at the level of subcellular processes
(e.g. Baldwin et al. 2001; Dicke et al. 2004; Dicke and Van Poecke 2002; Fitzpatrick
et al. 2005; Jacobs et al. 2005; Kessler et al. 2004; Mitchell-Olds 2001; Van Poecke
and Dicke 2004), in metabolomic approaches (Fiehn 2002) and in quantitative food-
web analysis (Omacini et al. 2001; Rott and Godfray 2000). For the design of
manipulative experiments and for understanding their outcome, information on
mechanisms underlying ecological processes is essential (Dicke et al. 2004; Kessler
et al. 2004; Wertheim et al. 2005). In this paper | will address the potential of
interdisciplinary approaches to the unravelling of the role of chemical information
conveyance in community processes.

COMMUNITIES AND FOOD WEBS

Communities are complex compositions of hundreds of interacting species at
different trophic levels (Morin 1999). One way of appreciating the complexity of
communities is to analyse food webs. This shows that, for example, even a small
part of an insect food web may comprise tens of species (Figure 1). Rott and
Godfray sampled Phyllonorycter leaf-miner moths and their parasitoids on four
plant species in a 10,000 m* area (Rott and Godfray 2000). They recorded twelve
Phyllonorycter species and 27 of their parasitoids. The composition of the food web
changed in time. Some species that were abundant in the summer were scarce in
autumn and vice versa. The estimated total number of Phyllonorycter ranged from a
few million up to 75 million individuals. Given that the leaf miners are also attacked
by predators and pathogens and that the host plants are also attacked by dozens of
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other herbivore species it is clear that food webs are highly complex in composition
and that this complexity is variable in space and time.

Parasitoids

Leaf miners

Plants

Figure 1. Schematic representation of a food web consisting of 4 plant species, 12

herbivorous leaf miners and 27 parasitoids. Relative sizes of circles within a trophic level
indicate relative population sizes. Lines indicate trophic interactions. Relative thickness of

lines between parasitoid species and leaf-miner species indicate relative number of

parasitoids involved in the interaction. Figure based on data in Rott and Godfray (2000)

Food-web analyses address interactions within communities that reflect direct

trophic relationships, where one organism feeds on another. Yet, although these
interactions are important in shaping communities, they reflect only a part of the
interactions in a community. Members of communities also show indirect
interactions, i.e., interactions between two organisms that are mediated by a third
organism, that connect organisms that do not have a trophic relationship. Such
indirect interactions may be important in shaping communities as well.

1.

2.

Major recent developments in our understanding of communities are that:
indirect interactions have important effects on food web dynamics (e.g. Abrams
et al. 1996; Bonsall and Hassell 1997);

top-down and bottom-up forces (enemy-controlled versus resource-controlled
forces, respectively) are often integrated rather than mutually exclusive: plants
can dramatically influence top-down forces on herbivores, as mediated by
carnivorous enemies of the herbivores (Bernays 1998; Dicke and Vet 1999;
Sabelis et al. 1999);

species characteristics appear to be phenotypically plastic and consequently the
effects of species on interactions in a food web are dynamic (Agrawal 2001);
ecogenomics can link phenotype to genotypic expression (Baldwin et al. 2001;
Dicke et al. 2004; Kessler et al. 2004).

Both direct and indirect interactions are mediated by infochemicals. Communities
and food webs are, therefore, overlaid with infochemical webs.
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INFOCHEMICAL WEBS

Given that each organism in a community emits and responds to chemical
information, it is clear that communities abound with interactions mediated by
chemical information. Although chemical information by itself cannot be used to
build bodies, it essentially influences interactions between organisms and, thus,
fitness of individuals, and most likely also food web and community processes
(Dicke and Hilker 2003).

Infochemically mediated interactions can in principle occur between any two
organisms in a community, whether conspecific or heterospecific, whether
connected by a food-web interaction or not (Dicke and Sabelis 1992; Stowe et al.
1995). For instance, conspecific organisms may interact through pheromones, and
these pheromones may be exploited by their natural enemies. E.g., male Pieris
brassicae butterflies endow a female with an anti-aphrodisiac pheromone during
mating. This pheromone renders the females less attractive to other males that might
compete with the original male for offspring. However, in addition to the
intraspecific interaction, the pheromone also mediates an indirect interaction. The
egg parasitoid Trichogramma brassicae is attracted to the anti-aphrodisiac
pheromone, and after arrival at the mated female butterfly, the wasp mounts the
butterfly and hitches a ride to the spot where her transporter deposits her eggs. These
eggs are subsequently parasitized by the Trichogramma wasp (Fatouros et al. 2005).
Thus, an infochemical mediating a non-trophic interaction (mating) can also mediate
a trophic interaction (parasitization). Because a single infochemical may mediate
many interactions in a food web, the costs and benefits of an infochemical to an
emitting organism include the costs and benefits of each of these interactions.
Therefore, the evolutionary ecology of infochemicals can only be understood in a
community context (Dicke and Sabelis 1992).

Indirect interactions that do not involve trophic relationships are, e.g., those
between plants and carnivorous arthropods such as predators and parasitoids of
herbivores. In response to herbivory an individual plant produces a complex blend
of volatiles. As a result, enemies of the herbivore are attracted to the plant. This is a
general phenomenon that has been recorded for a large number of plants (Dicke
1999; 2000; Hilker and Meiners 2002; Turlings et al. 1993). Just as in the case of
Pieris’s anti-aphrodisiac pheromone, also herbivore-induced plant volatiles can be
exploited by many other organisms in a community, including, e.g., herbivores and
neighbouring plants (Dicke and Bruin 2001; Dicke and Van Loon 2000; Hilker and
Meiners 2002) (Figure 2).

Thus, a food web is overlaid with an infochemical web. Moreover, because each
infochemical may mediate many interactions, both trophic interactions and indirect,
non-trophic, interactions, the infochemical web is more complex than the food web.
Therefore, when investigating communities, infochemical webs should be studied in
addition to food webs.
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Figure 2. Herbivore-induced plant volatiles are well-known to attract carnivorous
arthropods that feed on the inducing herbivore. Moreover, they may affect the behaviour of
many other organisms in a food web, including other plants, herbivores, carnivores and
second-order carnivores. Solid lines indicate trophic interactions (food web) and broken lines
indicate interactions influenced by herbivore-induced plant volatiles. Note that only one
single infochemical blend, viz., the herbivore-induced plant volatiles, is depicted. Each
component of the food web may emit infochemicals that similarly affect various other players
in the food web

MECHANISMS OF CHEMICAL INFORMATION CONVEYANCE

Before an infochemical can influence interactions between individual organisms and
consequently food webs and community processes, a range of processes has been
initiated, from gene expression to mechanisms of storing and releasing the
compounds. It is well-known that organisms regulate the production and emission of
infochemicals. After all, both the production and the emission come with costs and
benefits and organisms are under selection to maximize the returns of infochemical
emission. Understanding the mechanisms is essential for understanding the
expression of phenotypes in terms of infochemical emission. Moreover,
understanding these mechanisms also allows the careful manipulation of
infochemical-emission phenotypes (Dicke et al. 2003; Kessler and Baldwin 2004;
Kessler et al. 2004; Van Poecke and Dicke 2002), and therefore provides ecologists
with important new tools to investigate the ecology of chemical information
conveyance.

Apart from variation in infochemical emission, the response to infochemicals
may vary as well. Animals are well-known to be phenotypically plastic in their
responses to infochemicals (Papaj and Lewis 1993). Moreover, knowledge on genes
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involved in behavioural responses of animals is rapidly accumulating and this
provides exciting new opportunities for manipulative experiments (Fitzpatrick et al.
2005). For instance, the perception of infochemicals, their decoding in the brain and
memory processes involved are all processes that are intensively investigated at the
molecular level (Fitzpatrick et al. 2005).

At the mechanistic level, systems are characterized by complexity, just as is the
case at higher levels of integration (Figure 3). For instance, odour blends are
complex mixtures ranging from a few to hundreds of components (Roitberg and
Isman 1992; Turlings et al. 1993; Van den Boom et al. 2004), the metabolome of
organisms is highly complex with developmental and temporal variation (Fiehn
2002; Rosenthal and Berenbaum 1992), and transcriptomic changes are substantial
and dynamic and highly variable with developmental and environmental conditions
(De Vos et al. 2005; Heidel and Baldwin 2004; Reymond et al. 2004; Schenk et al.
2000). Thus, connecting ecology with mechanisms is very much a matter of dealing
with complexity at different levels. This means that intelligent decisions have to be
made at different levels of biological organization so as to unravel the patterns
shaping these complex biological systems.

In the remainder of this chapter I will review how knowledge of mechanisms can
be exploited to develop new strategies to understanding the effects of chemical
signalling on communities.

Genome 10,000s of genes
Transcriptome 1000s to 10,000s of MRNAS
Proteome 1000s to 10,000s of proteins
Metabolome 10,000s of metabolites
Phenome 1000s of phenotypes

. Few to 10s of components in each
Infochemicals infochemical; each organism in a community
emits infochemicals

1000s of interacting species, each with

Community variable phenotypes

Figure 3. Degree of complexity at different levels of biological organization, from the genome
to the community

COMMUNITY APPROACH

To understand how chemical information influences community processes it is
essential to take an experimental, manipulative approach. Ecologists are well aware
of the value of a comparative approach where individuals with different phenotypes
are compared. However, it is not always easy to manipulate a phenotype in a
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biologically realistic way, especially in relation to its infochemical emission or
perception. One may apply a synthetic infochemical, and this has been extensively
done. However, this option is limited to situations where the infochemical’s
composition is relatively simple and the components can be synthesized or extracted
in pure form. However, in many cases the composition of an infochemical is
complex and the components may comprise stereochemically active compounds that
are difficult to synthesize in vitro. Moreover, if the infochemical emission is
phenotypically plastic or temporally dynamic, this may be difficult to mimic
realistically. For instance, moths emit a sex pheromone during a restricted period
during the night and so the application of a synthetic pheromone in a trap in the
environment may be useful for investigating which species respond to the
pheromone but it may be less suited for investigating the effect of the pheromone on
community processes.

Several approaches have recently been taken to investigate the effect of chemical
information on community processes. These manipulative approaches strongly
depend on mechanistic information

Drosophila aggregation pheromone

One approach is to distribute the infochemical in synthetic form in a community.
Drosophilid fruit flies aggregate on food and oviposition substrates and this
behaviour is mediated by an aggregation pheromone (Bartelt et al. 1985; Wertheim
et al. in press). Males produce the pheromone and transfer it to the female during
mating. The females deposit the pheromone on the oviposition substrate during egg
deposition. The emission from the substrate continues for at least several days. The
aggregation pheromones of Drosophila melanogaster and D. simulans consist of a
single compound, viz., cis-vaccenyl acetate, which is available in synthetic form.
The synthetic pheromone or the naturally deposited pheromone can be used rather
easily in manipulative field experiments (Wertheim et al. in press). Laboratory
experiments have demonstrated that parasitoids of Drosophila larvae exploit this
aggregation pheromone and are attracted to the site of oviposition (Hedlund et al.
1996). The application of the pheromone on substrates or fruits in an orchard
resulted in the attraction of Drosophila flies whose pheromone was applied, as well
as the attraction of other, competing Drosophila species. The degree of attraction
was dose-dependent. In addition, parasitoids of Drosophila larvae were attracted
(Wertheim et al. in press). Thus, the application of the synthetic pheromone in the
field can provide information on its effects on community members and their
aggregation. The consequences of the presence of the Drosophila aggregation
pheromone were both direct effects (attraction of conspecifics and heterospecifics)
and indirect effects (for instance, increased interference as a result of higher
densities) (Wertheim et al. in press). A similar approach has also been taken for
investigating the effects of herbivore-induced plant volatiles (Kessler and Baldwin
2001). This approach will provide the best information if the emission dynamics of
the synthetic infochemical sufficiently resemble the natural emission dynamics.
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Phytohormonal induction of plant volatiles

Another approach is to manipulate an individual’s phenotype by manipulating
natural biosynthetic pathways. The phytohormone jasmonic acid is well-known to
mediate many phenotypic changes in plants (Dicke and VVan Poecke 2002; Kessler et
al. 2004). The application of jasmonic acid to tomato plants under field conditions
resulted in an increased attraction of parasitic wasps to caterpillar-damaged tomato
plants (Thaler 1999) and jasmonic-acid application was found to influence the
composition of the insect community on the plants (Thaler 2002; Thaler et al. 2001).
However, the disadvantage of this approach is that the single application of an
external jasmonic-acid dose is likely to be very different from the natural induction
dynamics and concentration. Yet, this approach may provide interesting information,
as was clearly shown for the tomato studies (Thaler 1999; 2002; Thaler et al. 2001).

Molecular-genetic approach to plant characteristics

A third approach is to compare two genotypes that differ in identified components of
their genetic background. This can relate to a well-characterized mutant and the
related wildtype genotype or to a transgenic plant in which one gene is
overexpressed or knocked out versus its wildtype. This approach has been taken for
the wild tobacco plant Nicotiana attenuata (Kessler in press; Kessler et al. 2004).
Kessler et al. (2004) knocked out three genes from the jasmonate signal transduction
pathway. This pathway leads to the production of jasmonic acid or fatty-acid-
derived green-leaf odours. Jasmonic acid is well-known to be involved in induced
defences of plants against herbivorous insects, and green-leaf odours are known to
influence behaviour of herbivorous insects and their natural enemies (Dicke and Van
Poecke 2002). By generating three plant lines, each knocked out for one gene of the
jasmonate pathway and bringing these plants into their natural environment, Kessler
and colleagues investigated the effects of the genetic modification on herbivory.
When planted into their native habitat, lipoxygenase-deficient plants were more
vulnerable to N. attenuata’s adapted herbivores but were also exploited by a
herbivore species that was otherwise not found on N. attenuata, which fed and
reproduced successfully on the LOX2-deficient plants. In addition to observing
changes in the insect community as a result of transforming the plants, Kessler and
co-workers also assessed the effects at the transcriptomic level through a dedicated
microarray analysis and at the level of volatile emission through GC-MS analysis of
the headspace of transformed plants (Kessler et al. 2004). This approach is
essentially dependent on knowledge of the mechanism underlying induced plant
defence, such as the involvement of signal transduction pathways, essential genes in
the pathways and the function of their products, as well as knowledge of
manipulating the expressed genotype by, e.g., anti-sense knock out, virus-induced
gene silencing or RNA interference (Hamilton and Baulcombe 1999; Robertson
2004). Their approach is a major step forward in understanding the role of certain
genes and their products in the effects on community ecology. In this case, the effect
of the presence/absence of activity of a single gene was compared. Progress in
molecular biology is likely to yield other, even more exciting, tools for ecologists as
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well, including those that allow for quantitative differences (Dicke et al. 2004). This
is likely to bring unprecedented progress in our understanding of the role of
infochemicals in community processes.

Complementing field studies with laboratory studies

The information from field studies needs to be complemented by laboratory studies
to elucidate whether, where and to what extent infochemicals influence the outcome
of individual interactions. In the laboratory one can disentangle the complexity of
interactions in a directed way by investigating those interactions that are most likely
to be influenced. Laboratory information on the effects of individual genes on
infochemically mediated interactions is still scarce. For example, potato plants that
had been transformed with a linalool synthase gene from strawberry behind a 35S
promoter constitutively emitted the monoterpene linalool. These transgenic potato
plants attracted the predatory mite Phytoseiulus persimilis (Bouwmeester et al.
2003), which is known to be attracted to synthetic linalool (Dicke et al. 1990).
Linalool is one of the volatiles induced in lima-bean plants by feeding damage
inflicted by the spider mite Tetranychus urticae, the prey of P. persimilis (Dicke et
al. 1990). The parasitoid Cotesia rubecula is attracted to volatiles from Arabidopsis
thaliana that is infested with caterpillars of Pieris rapae (Van Poecke et al. 2001).
However, the attraction was impaired when Arabidopsis plants were used in which
the LOX2 gene was co-suppressed, which blocks induction of jasmonic acid, or in
plants in which a bacterial NahG gene was inserted, which results in breakdown of
salicylic acid (Van Poecke and Dicke 2002). Moreover, in tomato the attraction of
the predatory mite P. persimilis to herbivore-damaged plants was impaired in plants
with a mutation in the jasmonic-acid signal transduction pathway compared to
wildtype plants (Ament et al. 2004; Thaler et al. 2002). These studies show that
single biosynthetic genes or genes that interfere with signal transduction pathways
can influence infochemically mediated interactions between plants, herbivorous
arthropods and their natural enemies.

‘OMICS” AND COMMUNITY ECOLOGY

In the interaction of organisms with their environment, each individual expresses a
complex phenotype that is subject to plasticity in response to the environment or in
response to the individual’s phenology (Agrawal 2001). In fact, the phenotype is not
a static but a highly dynamic feature. The changes may occur over different spatial
scales (from the organelle to the organ) and over different temporal scales (from
milliseconds to days or longer). Moreover, the phenotype is influenced by many
genetic components. To investigate the contribution of individual traits, one should
ideally manipulate that trait so as to affect its expression in the natural — though
complex — way. The best way of doing this is to use mutants that are altered in the
expression of the trait (Dicke et al. 2004; Dicke and Van Poecke 2002; Kessler et al.
2004; Roda and Baldwin 2003). In fact, comparing mutants with their relevant
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wildtype allows one to analyse the effects of genetic variation in single traits, and
thus to assess the role of these genes in the species’ ecology.

To date, a molecular-genetic approach to chemical ecology and community
ecology is rapidly developing (Baldwin 2001; Dicke et al. 2004; Kessler et al. 2004).
In order to take this novel approach, one needs to have a suitable system that
provides all necessary tools. In the past few years we have developed Arabidopsis
thaliana as a model for a molecular-genetic approach of the ecology of herbivore-
induced plant volatiles (e.g. Van Poecke and Dicke 2002; 2003; Van Poecke et al.
2001), and this has also been done for other plant species such as N. attenuata
(Kessler and Baldwin 2001; 2004; Kessler et al. 2004; VVoelckel and Baldwin 2004).

Three major signal transduction pathways are known to be involved in the
induction of plant volatiles: the octadecanoid, the salicylic-acid and the ethylene
pathways (Dicke and Van Poecke 2002; Kessler and Baldwin 2002, for review).
Well-characterized genotypes that are altered in these signal transduction pathways
are available for Arabidopsis (Pieterse and Van Loon 1999; Reymond et al. 2000;
Walling 2000). These genotypes allow the analysis of the involvement of the signal
transduction pathways with chirurgic accuracy. A single gene has been modified and
thus a single step in signal production or signal perception has been altered. These
genotypes have been successfully used in the study of induced resistance against
phytopathogenic micro-organisms (Pieterse and Van Loon 1999; Walling 2000).
These and other well-characterized Arabidopsis genotypes are available to
investigate the effect of single traits on interactions mediated by herbivore-induced
plant volatiles (Van Poecke and Dicke 2002). This will allow to evaluate the new
information in the context of induced responses to other environmental variation
such as the attack by pathogens (e.g. De Vos et al. 2005; Pieterse and Van Loon
1999).

The major advantages of using Arabidopsis for a molecular-ecological approach
are that its genome has been sequenced, that a multitude of well-characterized
mutants and transgenics is available and that full-genome microarrays are available
that can be used to investigate global transcriptome changes in response to biotic
interactions (e.g. De Vos et al. 2005; Reymond et al. 2004; Schenk et al. 2000).
Moreover, some of these methodologies or the results of their use with Arabidopsis
may be transferred to other Brassicaceous plants (e.g. Lee et al. 2004). Therefore,
information obtained for Arabidopsis may be exploited to develop novel approaches
for understanding chemical ecology and community ecology of Brassica—insect
interactions. This will provide important complementary knowledge on the ecology
of Brassica—insect interactions as obtained through classical methods (e.g. Geervliet
et al. 2000; Harvey et al. 2003; Mattiacci et al. 1995; Shiojiri et al. 2001).

For Arabidopsis the connection between transcriptomics and proteomics has
been made for several biological contexts (Hirai et al. 2005; Peck 2005). Moreover,
the connection between transcriptomics and metabolomics has been made (D'Auria
and Gershenzon 2005), also in the context of infochemicals (Mercke et al. 2004).
When the connection between gene activity and metabolomics has been made, novel
tools will be available to tackle many of the questions that have been addressed for
many decades in the ecology of insect—plant interactions, i.e., understanding the
function of so-called secondary metabolites (Berenbaum et al. 1989; Fraenkel 1959;
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Poppy 1999; Schoonhoven et al. in press). Gaining knowledge of mechanisms in
terms of transcriptomics, proteomics and metabolomics provides a solid basis for
understanding the expression of phenotypes of an organism under different
conditions, also termed ‘phenomics’ (Edwards and Batley 2004; Kahraman et al.
2005). The field of phenomics addresses the documentation of a phenotypic
characteristic to a gene and is so far characterized by a deterministic nature where
one gene has a single phenotype. However, ecologists are well aware that
phenotypes may change with conditions and as such the input of ecologists in
phenomics is badly wanted. It may seem fashionable to invent ever new ‘omics’ for
every new and higher layer of integration. However, at the next level of integration,
i.e., understanding the total of interactions within a community, we do not need a
new ‘omics’ term: the term community ecology sufficiently covers this area.
Linking ‘omics’ to community ecology is an exciting challenge because it implies
linking two very different ways of looking at biological phenomena, viz., a
deterministic and highly technology-driven approach and a stochastic and concept-
driven approach. First developments in this area show that linking ‘omics’ with
community ecology can be highly rewarding and is likely to answer questions that
were difficult to answer so far (Dicke et al. 2004; Howe and Brunner 2005; Kessler
et al. 2004; Shimizu and Purugganan 2005). After all, a major challenge for
ecologists has been to understand how individual traits of organisms affect species
interactions and community dynamics. Breakthroughs in the ‘omics’ fields provide
ecologists with exciting tools to address this through an ecogenomics approach. This
allows the most delicate manipulative studies that one can think of, in which
mechanistic knowledge of well-characterized genotypes and phenotypic plasticity
can be exploited to study the effect of individual plant traits on interactions in
ecosystems.

ACKNOWLEDGEMENTS

This work is supported by a VICI grant from the Netherlands Organisation for
Scientific Research, NWO (865.03.002) and the European Commission (contract
MC-RTN-CT-2003-504720 ‘ISONET”).

REFERENCES

Abrams, P.A., Menge, B.A. and Mittelbach, G.G., 1996. The role of indirect effects in food webs. In:
Polis, G.A. and Winemiller, K.O. eds. Food webs: integration of patterns and dynamics. Chapman &
Hall, New York, 371-395.

Agrawal, A.A., 2001. Phenotypic plasticity in the interactions and evolution of species. Science, 294
(5541), 321-326.

Ament, K., Kant, M.R., Sabelis, M.W., et al., 2004. Jasmonic acid is a key regulator of spider mite-
induced volatile terpenoid and methyl salicylate emission in tomato. Plant Physiology, 135 (4), 2025-
2037.

Baldwin, I.T., 2001. An ecologically motivated analysis of plant-herbivore interactions in native tobacco.
Plant Physiology, 127 (4), 1449-1458.

Baldwin, I.T., Halitschke, R., Kessler, A., et al., 2001. Merging molecular and ecological approaches in
plant-insect interactions. Current Opinion in Plant Biology, 4 (4), 351-358.



186 M. DICKE

Bartelt, R.J., Schaner, A.M. and Jackson, L.L., 1985. Cis-vaccenyl acetate as an aggregation pheromone
in Drosophila melanogaster. Journal of Chemical Ecology, 11 (12), 1747-1756.

Berenbaum, M.R., Zangerl, A.R. and Lee, K., 1989. Chemical barriers to adaptation by a specialist
herbivore. Oecologia, 80 (4), 501-506.

Bernays, E.A., 1998. Evolution of feeding behavior in insect herbivores: success seen as different ways to
eat without being eaten. Bioscience, 48 (1), 35-44.

Bonsall, M.B. and Hassell, M.P., 1997. Apparent competition structures ecological assemblages. Nature,
388 (6640), 371-373.

Bouwmeester, H.J., Kappers, |.F., Verstappen, F.W.A., et al., 2003. Exploring multi-trophic plant-
herbivore interactions for new crop protection methods. In: International congress of crop science
and technology, 10-12 November 2003, Glasgow. Vol. 2, Vol. 2. British Crop Protection Council,
Alton, 1123-1134. [http://library.wur.nl/wasp/bestanden/LUWPUBRD_00325287_A502_001.pdf]

D'Auria, J.C. and Gershenzon, J., 2005. The secondary metabolism of Arabidopsis thaliana: growing like
a weed. Current Opinion in Plant Biology, 8 (3), 308-316.

De Vos, M., Van Oosten, V.R., Van Poecke, R.M.P., et al., 2005. Signal signature and transcriptome
changes of Arabidopsis during pathogen and insect attack. Molecular Plant Microbe Interactions, 18
(9), 923-937.

Dicke, M., 1999. Evolution of induced indirect defence of plants. In: Tollrian, R. and Harvell, C.D. eds.
The ecology and evolution of inducible defenses. Princeton University Press, Princeton, 62-88.

Dicke, M., 2000. Chemical ecology of host-plant selection by herbivorous arthropods: a multitrophic
perspective. Biochemical Systematics and Ecology, 28 (7), 601-617.

Dicke, M. and Bruin, J., 2001. Chemical information transfer between plants: back to the future.
Biochemical Systematics and Ecology, 29 (10), 981-994.

Dicke, M. and Grostal, P., 2001. Chemical detection of natural enemies by arthropods: an ecological
perspective. Annual Review of Ecology and Systematics, 32, 1-23.

Dicke, M. and Hilker, M., 2003. Induced plant defences: from molecular biology to evolutionary ecology.
Basic and Applied Ecology, 4 (1), 3-14.

Dicke, M. and Sabelis, M.W., 1992. Costs and benefits of chemical information conveyance: proximate
and ultimate factors. In: Roitberg, B.D. and Isman, M.B. eds. Insect chemical ecology: an
evolutionary approach. Chapman & Hall, New York, 122-155.

Dicke, M. and Takken, W. (eds.), in press. Chemical ecology: from gene to ecosystem. Springer,
Dordrecht. Wageningen UR Frontis Series no. 16. [http:/library.wur.nl/frontis/chemical_ecology/]
Dicke, M., Van Beek, T.A., Posthumus, M.A., et al., 1990. Isolation and identification of volatile
kairomone that affects acarine predator-prey interactions: involvement of host plant in its production.

Journal of Chemical Ecology, 16 (2), 381-396.

Dicke, M. and Van Loon, J.J.A., 2000. Multitrophic effects of herbivore-induced plant volatiles in an
evolutionary context. Entomologia Experimentalis et Applicata, 97 (3), 237-249.

Dicke, M., Van Loon, JJ.A. and De Jong, P.W., 2004. Ecogenomics benefits community ecology.
Science, 305 (5684), 618-619.

Dicke, M. and Van Poecke, R.M.P., 2002. Signalling in plant-insect interactions: signal transduction in
direct and indirect plant defence. In: Scheel, D. and Wasternack, C. eds. Plant signal transduction.
Oxford University Press, Oxford, 289-316. Frontiers in Molecular Biology no. 38.

Dicke, M., Van Poecke, R.M.P. and De Boer, J.G., 2003. Inducible indirect defence of plants: from
mechanisms to ecological functions. Basic and Applied Ecology, 4 (1), 27-42.

Dicke, M. and Vet, L.E.M., 1999. Plant-carnivore interactions: evolutionary and ecological consequences
for plant, herbivore and carnivore. In: OIff, H., Brown, V.K. and Drent, R.H. eds. Herbivores
between plants and predators: the 38th symposium of the British Ecological Society in cooperation
with the Netherlands Ecological Society, held at Wageningen Agricultural University, The
Netherlands, 1997. Blackwell Science, Oxford, 483-520.

Edwards, D. and Batley, J., 2004. Plant bioinformatics: from genome to phenome. Trends in
Biotechnology, 22 (5), 232-237.

Fatouros, N.E., Huigens, M.E., Van Loon, J.J.A., et al., 2005. Chemical communication: butterfly anti-
aphrodisiac lures parasitic wasps. Nature, 433 (7027), 704.

Fiehn, O., 2002. Metabolomics: the link between genotypes and phenotypes. Plant Molecular Biology, 48
(1/2), 155-175.

Fitzpatrick, M.J., Ben-Shahar, Y., Smid, H.M., et al., 2005. Candidate genes for behavioural ecology.
Trends in Ecology and Evolution, 20 (2), 96-104.



FROM GENES TO COMMUNITIES 187

Fraenkel, G.S., 1959. The raison d'étre of secondary plant substances. Science, 129 (3361), 1466-1470.

Geervliet, J.B.F., Verdel, M.S.W., Snellen, H., et al., 2000. Coexistence and niche segregation by field
populations of the parasitoids Cotesia glomerata and C. rubecula in the Netherlands: predicting field
performance from laboratory data. Oecologia, 124 (1), 55-63.

Hamilton, A.J. and Baulcombe, D.C., 1999. A species of small antisense RNA in posttranscriptional gene
silencing in plants. Science, 286 (5441), 950-952.

Harvey, J.A., Van Dam, N.M. and Gols, R., 2003. Interactions over four trophic levels: foodplant quality
affects development of a hyperparasitoid as mediated through a herbivore and its primary parasitoid.
Journal of Animal Ecology, 72 (3), 520-531.

Hedlund, K., Vet, L.E.M. and Dicke, M., 1996. Generalist and specialist parasitoid strategies of using
odours of adult drosophilid flies when searching for larval hosts. Oikos, 77 (3), 390-398.

Heidel, A.J. and Baldwin, 1.T., 2004. Microarray analysis of salicylic acid- and jasmonic acid-signalling
in responses of Nicotiana attenuata to attack by insects from multiple feeding guilds. Plant Cell and
Environment, 27 (11), 1362-1373.

Hilker, M. and Meiners, T., 2002. Induction of plant responses to oviposition and feeding by herbivorous
arthropods: a comparison. Entomologia Experimentalis et Applicata, 104 (1), 181-192.

Hilker, M., Rohfritsch, O. and Meiners, T., 2002. The plant’s response towards insect egg depostion. In:
Hilker, M. and Meiners, T. eds. Chemoecology of insect eggs and egg deposition. Blackwell
Publishers, Berlin, 205-233.

Hirai, M.Y., Klein, M., Fujikawa, Y., et al., 2005. Elucidation of gene-to-gene and metabolite-to-gene
networks in Arabidopsis by integration of metabolomics and transcriptomics. Journal of Biological
Chemistry, 280 (27), 25590-25595.

Howe, G.T. and Brunner, A.M., 2005. An evolving approach to understanding plant adaptation. New
Phytologist, 167 (1), 1-5.

Hunter, M.D., 2002. A breath of fresh air: beyond laboratory studies of plant volatile-natural enemy
interactions. Agricultural and Forest Entomology, 4 (2), 81-86.

Jacobs, S.P., Liggins, A.P., Zhou, J.J., et al., 2005. OS-D-like genes and their expression in aphids
(Hemiptera: Aphididae). Insect Molecular Biology, 14 (4), 423-432.

Kahraman, A., Avramov, A., Nashev, L.G., et al, 2005. PhenomicDB: a multi-species
genotype/phenotype database for comparative phenomics. Bioinformatics, 21 (3), 418-420.

Kats, L.B. and Dill, L.M., 1998. The scent of death: chemosensory assessment of predation risk by prey
animals. Ecoscience, 5 (3), 361-394.

Kessler, A., in press. Plant-insect interactions in the era of consolidation in biological sciences: Nicotiana
attenuata as an ecological expression system. In: Dicke, M. and Takken, W. eds. Chemical ecology:
from gene to ecosystem. Springer, Dordrecht. Wageningen UR Frontis Series no. 16.
[http:/Nibrary.wur.nl/frontis/chemical_ecology/03_kessler.pdf]

Kessler, A. and Baldwin, I.T., 2001. Defensive function of herbivore-induced plant volatile emissions in
nature. Science, 291 (5511), 2141-2144.

Kessler, A. and Baldwin, 1.T., 2002. Plant responses to insect herbivory: the emerging molecular analysis.
Annual Review of Plant Biology, 53, 299-328.

Kessler, A. and Baldwin, I.T., 2004. Herbivore-induced plant vaccination. Part I. The orchestration of
plant defenses in nature and their fitness consequences in the wild tobacco Nicotiana attenuata. Plant
Journal, 38 (4), 639-649.

Kessler, A., Halitschke, R. and Baldwin, 1.T., 2004. Silencing the jasmonate cascade: induced plant
defenses and insect populations. Science, 305 (5684), 665-668.

Lee, H.S., Wang, J.L., Tian, L., et al., 2004. Sensitivity of 70-mer oligonucleotides and cDNAs for
microarray analysis of gene expression in Arabidopsis and its related species. Plant Biotechnology
Journal, 2 (1), 45-57.

Mattiacci, L., Dicke, M. and Posthumus, M.A., 1995. Beta-glucosidase: an elicitor of herbivore-induced
plant odor that attracts host-searching parasitic wasps. Proceedings of the National Academy of
Sciences of the United States of America, 92 (6), 2036-2040.

Mercke, P., Kappers, I.F., Verstappen, F.W.A., et al., 2004. Combined transcript and metabolite analysis
reveals genes involved in spider mite induced volatile formation in cucumber plants. Plant
Physiology, 135 (4), 2012-2024.

Mitchell-Olds, T., 2001. Arabidopsis thaliana and its wild relatives: a model system for ecology and
evolution. Trends in Ecology and Evolution, 16 (12), 693-700.

Morin, P.J., 1999. Community ecology. Blackwell, Malden.



188 M. DICKE

Omacini, M., Chaneton, E.J., Ghersa, C.M., et al., 2001. Symbiotic fungal endophytes control insect host-
parasite interaction webs. Nature, 409 (6816), 78-81.

Papaj, D.R. and Lewis, A.C. (eds.), 1993. Insect learning: ecological and evolutionary perspectives.
Chapman & Hall, New York.

Peck, S.C., 2005. Update on proteomics in Arabidopsis: where do we go from here? Plant Physiology,
138 (2), 591-599.

Penn, D.J., 2002. The scent of genetic compatibility: sexual selection and the major histocompatibility
complex. Ethology, 108 (1), 1-21.

Pieterse, C.M.J. and Van Loon, L.C., 1999. Salicylic acid-independent plant defence pathways. Trends in
Plant Science, 4 (2), 52-58.

Poppy, G.M., 1999. The raison d'étre of secondary plant chemicals? Trends in Plant Science, 4 (3), 82-83.

Rasmann, S., Kollner, T.G., Degenhardt, J., et al., 2005. Recruitment of entomopathogenic nematodes by
insect-damaged maize roots. Nature, 434 (7034), 732-737.

Reymond, P., Bodenhausen, N., Van Poecke, R.M.P., et al., 2004. A conserved transcript pattern in
response to a specialist and a generalist herbivore. Plant Cell, 16 (11), 3132-3147.

Reymond, P., Weber, H., Damond, M., et al., 2000. Differential gene expression in response to
mechanical wounding and insect feeding in Arabidopsis. Plant Cell, 12 (5), 707-719.

Robertson, D., 2004. VIGS vectors for gene silencing: many targets, many tools. Annual Review of Plant
Biology, 55, 495-519.

Roda, A.L. and Baldwin, I.T., 2003. Molecular technology reveals how the induced direct defenses of
plants work. Basic and Applied Ecology, 4 (1), 15-26.

Roitberg, B.D. and Isman, M.B. (eds.), 1992. Insect chemical ecology: an evolutionary approach.
Chapman & Hall, New York.

Rosenthal, G.A. and Berenbaum, M.R. (eds.), 1992. Herbivores: their interaction with secondary plant
metabolites. 2nd edn. Academic Press, New York.

Rott, A.S. and Godfray, H.C.J., 2000. The structure of a leafminer-parasitoid community. Journal of
Animal Ecology, 69 (2), 274-289.

Sabelis, M.W., Van Baalen, M., Bakker, F.M., et al., 1999. The evolution of direct and indirect plant
defence against herbivorous arthropods. In: OIff, H., Brown, V.K. and Drent, R.H. eds. Herbivores
between plants and predators: the 38th symposium of the British Ecological Society in cooperation
with the Netherlands Ecological Society, held at Wageningen Agricultural University, The
Netherlands, 1997. Blackwell Science, Oxford, 109-166.

Schenk, P.M., Kazan, K., Wilson, I., et al., 2000. Coordinated plant defense responses in Arabidopsis
revealed by microarray analysis. Proceedings of the National Academy of Sciences of the United
States of America, 97 (21), 11655-11660.

Schoonhoven, L.M., Van Loon, J.J.A. and Dicke, M., in press. Insect-plant biology. 2nd edn. Oxford
University Press, Oxford.

Shimizu, K.K. and Purugganan, M.D., 2005. Evolutionary and ecological genomics of arabidopsis. Plant
Physiology, 138 (2), 578-584.

Shiojiri, K., Takabayashi, J., Yano, S., et al., 2001. Infochemically mediated tritrophic interaction webs
on cabbage plants. Population Ecology, 43 (1), 23-29.

Stowe, M.K., Turlings, T.C., Loughrin, J.H., et al., 1995. The chemistry of eavesdropping, alarm, and
deceit. Proceedings of the National Academy of Sciences of the United States of America, 92 (1), 23-
28.

Thaler, J.S., 1999. Jasmonate-inducible plant defences cause increased parasitism of herbivores. Nature,
399 (6737), 686-688.

Thaler, J.S., 2002. Effect of jasmonate-induced plant responses on the natural enemies of herbivores.
Journal of Animal Ecology, 71 (1), 141-150.

Thaler, J.S., Farag, M.A., Pare, P.W., et al., 2002. Jasmonate-deficient plants have reduced direct and
indirect defences against herbivores. Ecology Letters, 5 (6), 764-774.

Thaler, J.S., Stout, M.J., Karban, R., et al., 2001. Jasmonate-mediated induced plant resistance affects a
community of herbivores. Ecological Entomology, 26 (3), 312-324.

Tollrian, R. and Harvell, C.D. (eds.), 1999. The ecology and evolution of inducible defenses. Princeton
University Press, Princeton.

Turlings, T.C.J. and Benrey, B., 1998. Effects of plant metabolites on the behavior and development of
parasitic wasps. Ecoscience, 5 (3), 321-333.



FROM GENES TO COMMUNITIES 189

Turlings, T.C.J., Wackers, F.L., Vet, LEM., et al, 1993. Learning of host-finding cues by
hymenopterous parasitoids. In: Papaj, D.R. and Lewis, A.C. eds. Insect learning: ecological and
evolutionary perspectives. Chapman & Hall, New York, 51-79.

Van den Boom, C.E.M., Van Beek, T.A., Posthumus, M.A., et al., 2004. Qualitative and quantitative
variation among volatile profiles induced by Tetranychus urticae feeding on plants from various
families. Journal of Chemical Ecology, 30 (1), 69-89.

Van Donk, E., in press. Food-web interactions in lakes: what is the impact of chemical information
conveyance? In: Dicke, M. and Takken, W. eds. Chemical ecology: from gene to ecosystem.
Springer, Dordrecht. Wageningen UR Frontis Series no. 16.
[http:/Nibrary.wur.nl/frontis/chemical_ecology/10_van_donk.pdf]

Van Poecke, R.M.P. and Dicke, M., 2002. Induced parasitoid attraction by Arabidopsis thaliana:
involvement of the octadecanoid and the salicylic acid pathway. Journal of Experimental Botany, 53
(375), 1793-1799.

Van Poecke, R.M.P. and Dicke, M., 2003. Signal transduction downstream of salicylic and jasmonic acid
in herbivory-induced parasitoid attraction by Arabidopsis is independent of JAR1 and NPR1. Plant
Cell and Environment, 26 (9), 1541-1548.

Van Poecke, R.M.P. and Dicke, M., 2004. Indirect defence of plants against herbivores: using
Arabidopsis thaliana as a model plant. Plant Biology, 6 (4), 387-401.

Van Poecke, R.M.P., Posthumus, M.A. and Dicke, M., 2001. Herbivore-induced volatile production by
Arabidopsis thaliana leads to attraction of the parasitoid Cotesia rubecula: chemical, behavioral, and
gene-expression analysis. Journal of Chemical Ecology, 27 (10), 1911-1928.

Van Tol, RW.H.M., Van der Sommen, A.T.C., Boff, M.I.C., et al., 2001. Plants protect their roots by
alerting the enemies of grubs. Ecology Letters, 4 (4), 292-294.

Vet, L.E.M., 1999. From chemical to population ecology: infochemical use in an evolutionary context.
Journal of Chemical Ecology, 25 (1), 31-49.

Voelckel, C. and Baldwin, I.T., 2004. Herbivore-induced plant vaccination. Part 1l. Array-studies reveal
the transience of herbivore-specific transcriptional imprints and a distinct imprint from stress
combinations. Plant Journal, 38 (4), 650-663.

Walling, L.L., 2000. The myriad plant responses to herbivores. Journal of Plant Growth Regulation, 19
(2), 195-216.

Wertheim, B., 2005. Evolutionary ecology of communication signals that induce aggregative behaviour.
Oikos, 109 (1), 117-124.

Wertheim, B., Allemand, R., Vet, L.E.M,, et al., in press. Effects of aggregation pheromone on individual
behaviour and food web interactions: a field study on Drosophila. Ecological Entomology.

Wertheim, B., Van Baalen, E.J., Dicke, M., et al., 2005. Pheromone-mediated aggregation in nonsocial
arthropods: an evolutionary ecological perspective. Annual Review of Entomology, 50, 321-346.



