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Preface

Since the concept of allelopathywas introduced almost 100 years ago, research has led

to an understanding that plants are involved in complex communicative interactions.

They use a battery of different signals that convey plant-relevant information within

plant individuals as well as between plants of the same species or different species.

The 13 chapters of this volume discuss all these topics from an ecological perspective.

Communication between plants allows them to share physiological and ecological

information relevant for their survival and fitness. It is obvious that in these very early

days of ecological plant communication research we are illuminating only the ‘tip of

iceberg’ of the communicative nature of higher plants. Nevertheless, knowledge on

the identity and informative value of volatiles used by plants for communication is

increasing with breath-taking speed. Among the most spectacular examples are situa-

tions where plant emitters warn neighbours about a danger, increasing their innate

immunity, or when herbivore-attacked plants attract the enemies of the herbivores

(‘cry for help’ and ‘plant bodyguards’ concepts). It is becoming obvious that plants use

not only volatile signals but also diverse water soluble molecules, in the case of plant

roots, to safeguard their evolutionary success and accomplish self/non-self kin recog-

nition. Importantly, as with all the examples of biocommunication, irrespective of

whether signals and signs are transmitted via physical or chemical pathways, plant

communication is a rule-governed and sign-mediated process.

The previous volumes focused on signalling molecules and pathways, as well as

on communication related to plant sensory biology underlying the emerging con-

cept of plant behaviour. Here, individual chapters deal with diverse aspects of plant

communication such as evolution of plant signals and toxins, chemical signals in

plant photobiology and ‘arms-races’ in pathogen defence, allelopathy of exotic

plant invasion, volatile chemical interactions between undamaged plants and their

effects at higher trophic levels, chemical communication in plant–ant symbioses, as

well as effects of global atmospheric changes on plants and their trophic interac-

tions. Finally, two chapters deal with the perspective of exploiting the chemical

signals of plant communication for sustainable agriculture, and the technological
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possibility of monitoring plant volatile signals to obtain information about plant

health status in greenhouses.

For many years, plants were placed outside of the communicative and even the

sensitive living domain. Immanuel Kant even went so far as to place plants outside

the living realm. The vocal-based physical (acoustic) language of humans depends

on air vibrations that are decoded in the ears. The volatile-based chemical language

of plants is communicated by volatiles decoded via diverse receptors (most of them

still unknown). Plants are unique and differ greatly from animals. This makes it

very difficult for us, biassed by the human-centric perspective of our world-view, to

grasp their whole communicative complexity and to understand the true nature of

their communications. The sessile nature of plants and the dual character of plant

bodies, with the above-ground autotrophic shoots and the below-ground heterotro-

phic roots, are further phenomena obscuring the real nature of plant communica-

tion. In science, one should try to keep a neutral unbiased position and not exclude

any possibility. We can look forward to witnessing the next wave of surprising

discoveries.

Bonn, April 2010 František Baluška

Uppsala, April 2010 Velemir Ninkovic
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Baluška F, Volkmann D, Mancuso S (2006) Communication in plants: neuronal

aspects of plant life. Springer, Berlin

Greenfield MD (2002) Signalers and receivers: mechanisms and evolution of

arthropod communication. Oxford University Press, Oxford

Searcy WA, Nowicki S (2005) The evolution of animal communication: reliability

and deception in signalling systems. Princeton University Press, Princeton, NJ

Witzany G (2009) Biocommunication and natural genome editing. Springer, Berlin

vi Preface



Contents

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual

Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

H. Jochen Schenk and Eric W. Seabloom

The Chemistry of Plant Signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Michael A. Birkett

Plant Defense Signaling from the Underground Primes

Aboveground Defenses to Confer Enhanced Resistance

in a Cost-Efficient Manner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Marieke Van Hulten, Jurriaan Ton, Corné M.J. Pieterse,
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Evolutionary Ecology of Plant Signals

and Toxins: A Conceptual Framework

H. Jochen Schenk and Eric W. Seabloom

Abstract Plants are capable of acquiring information from other plants, but are

they able to send signals and communicate with them? Evolutionary biologists

define biological communication as information transmission that is fashioned or

maintained by natural selection and signals as traits whose value to the signaler is

that they convey information to receivers. Plants, then, can be said to communicate

if the signaling plant derives a fitness benefit from conveying information to other

plants. Examples for interplant communication that fit these definitions potentially

include territorial root communications, self/non-self recognition between roots

and associated with self-incompatibility, volatile signals that induce defenses

against herbivores, signals from ovules to mother plants, signals associated with

root graft formation, and male to female signals during pollen competition. Natural

selection would favor signals that are costly to the signaler and therefore are likely

to convey reliable information because they cannot be easily faked. Toxins in low

concentrations may commonly act as signals between plants rather than as inhibi-

tory allelochemicals. This explains why toxic concentrations of plant allelochem-

icals are rarely found in natural coevolved systems.

1 Introduction

Do plants communicate with other plants? To many readers, this would appear to be

a redundant question in a volume devoted to plant communication from an ecologi-

cal perspective. However, anyone even vaguely familiar with the voluminous

H.J. Schenk (*)

Department of Biological Science, California State University Fullerton, Fullerton, CA 6850, USA

e-mail: jschenk@fullerton.edu

E.W. Seabloom

Department of Zoology, Oregon State University, Corvallis, OR, USA

e-mail: seabloom@science.oregonstate.edu
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literature on human communication (e.g., Littlejohn and Foss 2008; Watzlawick

et al. 1967) and animal communication (e.g., Dawkins and Krebs 1978; Maynard

Smith and Harper 2003; Otte 1974; Searcy and Nowicki 2005; Zahavi and Zahavi

1997) will know that this is by no means an easy question to answer, the answer

depending very much on one’s definition of biological communication. The pur-

pose of this chapter is to review the pertinent biological communications literature

and apply it to communication between plants.

2 What Is Communication?

The Merriam–Webster dictionary defines communication as a process by which
information is exchanged between individuals through a common system of sym-
bols, signs, or behavior. For biological communication, this definition would have

to be expanded to include information exchanges between any kind of signaler and

receiver, e.g., within organisms, among organs, or cells. (To avoid confusion, we

will use the terms signaler and receiver throughout this chapter instead of the

synonymous terms emitter, agent, actor, source, or sender on one side and target,

reactor, and recipient on the other.) Following common usage in biological

sciences, it is also useful to replace the terms symbols, signs, or behavior with

signal, which Webster’s defines as a detectable physical quantity or impulse by
which messages or information can be transmitted. This gives us the following

general definition: Communication is a process by which information is exchanged
between a signaler and a receiver through a common system of signals. Definitions
similar to this one have been widely used in studies of human communications

(Watzlawick et al. 1967).

2.1 What Is Information?

If communication is information exchange, what exactly is information? That turns

out to be a surprisingly difficult question to answer, and interested readers are

referred to the voluminous literature on information theory starting with Shannon

(1948) and Wiener (1948). The most helpful and most memorable definition was

offered by Gregory Bateson (2000, p. 381): Information is any difference which
makes a difference in some later event. Information comes in the form of answers to

binary questions such as self or non-self, male or female. Continuous information

can be expressed as a series of binary choices. This means that the amount of

information can be measured in bits (Bradbury and Vehrencamp 1998).

2.2 What Is Biological Communication?

The definition of communication as information exchange, however, is not the one

used by most evolutionary biologists, for whom it is important to adopt a pragmatic

2 H.J. Schenk and E.W. Seabloom



view that distinguishes between evolved functions and incidental effects. Pragmatic

definitions of the terms signal and communication in evolutionary biology, then,

should be restricted to behavioral, physiological, or morphological information

transmission that is fashioned or maintained by natural selection (Dicke and Sabelis

1988; Maynard Smith and Harper 2003; Otte 1974). Otte (1974) suggested using

the term cue for information exchanges that have not been under selection to

inform, and this usage, which is widely accepted in animal communication studies

(Bradbury and Vehrencamp 1998; Maynard Smith and Harper 2003), will be

adopted in this chapter. For example, a plant detecting the presence of a neighbor

through alterations in the red/far-red light ratio is considered to have received a cue

rather than a signal.

2.3 What Is a Signal?

Unfortunately, there are several colloquial meanings of the word signal, referring

either to the physical quantity or impulse being transmitted – such as quanta of light

or molecules –, the signal’s meaning, or to the emitting source, such as a pattern of

skin pigments, a vibrating vocal cord, or the biochemical pathway that creates a

signaling molecule. Most animal communication researchers adopt the third usage

and define signals as genetically encoded traits that are under natural selection

(Maynard Smith and Harper 2003; Otte 1974; Wilson 1975; Zahavi and Zahavi

1997). There is almost universal agreement that a biological signal benefits the

sender (i.e., increases its fitness) by altering the likelihood that the receiver will

respond in a certain way (Bradbury and Vehrencamp 1998; Dawkins and Krebs

1978). Some have argued that the receiver has to benefit from the information

for “true communication” to occur (Dusenbery 1992; Marler 1977). This, however,

would exclude deceptive signaling from biological communication, and few

biologists appear to have adopted this very restrictive definition (Bradbury and

Vehrencamp 1998). A receiver has to benefit, on the average, from responding to

a certain type of signal in a certain way. For example, a male insect benefits from

responding to a pheromonal signal that is most likely to originate from a female,

even though it may be tricked occasionally into responding this way by an orchid that

mimics the signal. For the remainder of this chapter we will adopt the pragmatic

definition of biological signals from Zahavi and Zahavi (1997): “Signals are traits

whose value to the signaler is that they convey information to those who receive

them,” which is a more generalized version of an earlier definition by Otte (1974).

As customary in evolutionary biology, terms such as “value” and “benefit” are

understood to mean adaptive value or benefit, on average, a positive effect on fitness.

Pragmatic definitions of biological communication focus on the evolutionary

aspects of communication and sidestep other aspects of communication, such as

the nature of information transmission (syntactics) and of meaning (semantics)

(Watzlawick et al. 1967). The downside of the evolutionary approach, of course, is

that we do not actually know whether most traits are under natural selection (Gould

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual Framework 3



and Lewontin 1979). In many cases, it will be relatively easy to determine whether

signaler and/or receiver on average benefit from a signal transmission, but in many

other cases this will be less apparent. Consider, for example, altruistic signal

exchange, that appears to benefit only the receiver or even a group of receivers.

Even in more clear-cut cases of signal exchange between two individuals, the

advantage to sender or receiver must often be assumed to exist rather than empiri-

cally demonstrated (Slater 1983). Defining a process by its supposed function can

invite adaptationist reasoning when natural selection has not in fact been involved

in the shaping of the process (Gould and Lewontin 1979). It is important to keep in

mind that whenever we speak of biological communication we are in fact formulat-

ing a hypothesis about the adapativeness of a process (see chapter “Volatile

Interaction between Undamaged Plants: A Short Cut to Coexistence”).

Plants have innumerable ways of gathering information from cues received from

their environment, including from other plants, but, as the discussion above has

made clear, information gathering from incidental cues, while immensely important

to organisms, is not considered biological signaling or communication (Bradbury

and Vehrencamp 1998; Maynard Smith and Harper 2003; Otte 1974) and therefore

is not further discussed here.

2.4 What Is Allelopathy?

For most of its history, botany has had its own concepts and terms that often were

quite different from those used in other areas of biology. A good example is the

term allelopathy, coined by Hans Molisch (1937) to refer to “the influence of one

plant on another,” i.e., all kinds of stimulatory and inhibitory interactions between

plants. Allelopathy today is normally used in a much more restricted meaning to

denote chemical inhibition - an understanding that may have originated from

translating the two Greek words that make up the term, allēlōn as “one another

other” and pathē as “suffering.” In fact, pathē also has a more general meaning,

“subject to, experience,” and this is obviously what Molisch (1937) had in mind,

because his research in allelopathy largely concerned the volatile plant hormone

ethylene, not a toxin at concentrations normally found in plants. Rice (1984) and

Einhellig (1995) used the term allelopathy in a slightly narrower meaning to include

only chemical interactions: communication, as well as inhibitory and stimulatory

(e.g., nutritional) ones. Because these are very different kinds of interactions, none

of which are unique to plants, there is really no reason, other than deference to

history, to retain this broad concept of allelopathy. Previously, accepting the current

usage of terms, we adopted the view that chemical communication should be

distinguished from allelopathy, which would be defined as chemical interactions

that involve toxic allelochemicals (Schenk et al. 1999). However, as we will see, it

is often extremely difficult to determine whether chemicals act as toxins, signals, or

both. Moreover, words are powerful in directing thoughts, and retaining the word

allelopathy for plants brings with it the powerful suggestion that chemical
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interactions in plants are somehow fundamentally different from those in bacteria,

fungi, protists, or animals. For these reasons, the term allelopathy has outlived its

usefulness and, in the interest of integrating general concepts across all of biology,

should be retired (Schenk 2006).

2.5 What Is the Difference Between a Toxin and a Signal?

The distinction between transmission of energy and transmission of information is

vital in studies of organismal interactions (Dawkins and Krebs 1978; Dicke and

Sabelis 1988; Dusenbery 1992; Wiley 1994). Expenditure of energy on aggressive

interactions is costly and surprisingly rare in animals which have evolved commu-

nication mechanisms. Probabilistic information about the fighting ability of an

adversary allows many organisms to exchange signals and avoid the costly fight.

Calls and songs of birds, insects, frogs, and toads all around us attest to the

evolutionary power of signaling over aggression (Krebs and Davies 1997; Wilson

1975). Obviously aggressive behavior can contain important information, but con-

ceptually the information contained in a blow to the head of a rival male bighorn

sheep is quite distinct from the damage or backward movement caused by the blow.

The distinction between energy and information exchange was reflected in Wiley’s

(1994) definition of biological communication (which did not include criteria of

adaptation): “A signal is any pattern of energy or matter produced by one individual

(the signaler) and altering some property of another (the receiver) without providing
the power to produce the entire response (p. 162, author’s italics).”

An important difference between signaling and energy exchange is that the

receiver has full physiological control over its response; it can respond or ignore

the signal depending on the circumstances or the nature of the signal (Dusenbery

1992). In the case of energy transmission (including toxins), the energy source has

the physiological control over the response and the receiver does not have the

option of ignoring the transmission. Obviously, the ability to potentially ignore a

signal will usually be an advantage for a receiver. For example, it was found that

male mice of low body weight tend to avoid territories scent-marked by another

male, while heavy mice with higher competitive ability are more likely to ignore

such signals (Gosling et al. 1996). Larger frogs and toads are more likely to ignore

high-frequency calls from smaller competitors than low-frequency calls from larger

ones (Arak 1983; Wagner 1989). Similarly, in plants, the ability to ignore root

signals from a competitor (Schenk 2006; Schenk et al. 1999) may be an advantage

for a strong competitor, while an inefficient competitor, such as a seedling, may

benefit from avoiding soil volume occupied by other roots. Signalers can also

benefit from the receivers’ ability to ignore their signals, as indiscriminate responses

from all potential receivers are unlikely to benefit a signaler. In contrast, a powerful

toxin could potentially harm a large variety of other organisms, including some that

could be beneficial to the emitter of the toxin.

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual Framework 5



It clearly is important for organisms to be able to ignore a signal, but this ability

brings up an interesting conundrum for researchers. It is universally agreed upon

that for pragmatic reasons biological communication can only be said to have

occurred when a response of the receiver is observed (Searcy and Nowicki 2005).

Yet, in the case of a potential receiver that does not respond to a signal it is often

impossible to know if the signal was received. In the case of acoustic communica-

tion, as in the frog and toad studies mentioned above (Arak 1983; Wagner 1989), it

may be safe to assume that receivers heard a call, but in the case of chemical

communication the distinction between not perceiving or ignoring a signal will be

almost impossible to make. This creates a special problem for plant researchers,

who typically face signals that are difficult to observe.

2.6 Differences Between Plant and Animal Communication

So far, much of our discussion has been about animal communication. The idea that

plants may possibly communicate was controversial until quite recently. Reports in

the early 1980s of pheromonal signal exchange among trees (Baldwin and Schultz

1983; Rhoades 1985) were much debated, heavily criticized on methodological and

analytical grounds, and ridiculed as “talking trees” (Fowler and Lawton 1985).

Silvertown and Gordon (1989) stated that visual and olfactory signals transmitted

from plants are exclusively directed at animals. Since then, a wealth of information

on signal exchange and chemical interactions among plants, and among plants and

other organisms, including microbes, fungi, and animals has accumulated, forcing

a re-evaluation of the nature of plant interactions (Baluška 2009; Baluška and

Mancuso 2009b, this volume). Already it seems hard to believe that plants used

to be singled out as the only group of organisms not thought to be able to exchange

chemical signals – an ability easily acceded to bacteria, fungi, protists, and animals.

The book by Zahavi and Zahavi (1997) on biological signaling, for example, did not

include a single reference to plants, even though one of the authors was a plant

physiologist. Plant communications research clearly has come a long way since

then. However, the question remains: are there important or even fundamental

differences between communication in plants and in other groups of organisms?

The main trait that sets plants apart from other organisms is the rigid cellulose

cell wall that restricts their movement to relatively slow rates. The modular nature

of plants is not unique to them, but it certainly sets them apart from unitary animals.

Does either of these traits affect the abilities of plants to communicate? The

modular nature of all plants and the clonal nature of about 40% of all plants (Tiffney

and Niklas 1985) certainly has interesting implications for the evolution of plant

signals through individual selection (more on that below). Rigid cell walls generally

do not allow plants to send and perceive signals that require rapid movement of

organs or cells. However, plants clearly emit and perceive visual cues, better called

radiational cues, as plants do not have eyes, and nobody seriously disputes the

ability of plants to produce and perceive chemical cues. Plants also create and
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respond to electrical fields (Baluška and Mancuso 2009a; Davies 2004; Fromm and

Lautner 2007; Lund 1947), and are able to perceive tactile information (Chehab

et al. 2009). As far as we know, plants do not appear to have evolved the ability to

produce or perceive sound, but this statement has to be qualified by noting that

outside pseudoscientific, unreplicated experiments (Retallack 1973), reactions of

plants to sound do not appear to have been studied, and that plants are known to

produce sounds in the acoustic and ultrasonic range as byproducts of physiological

processes (Ritman and Milburn 1988; Zweifel and Zeugin 2008). Thus, the main

difference between plant and animal communication is that plants lack complex

sensory organs and signals that require rapid movement. Most communication

between plants is likely to be chemical or possibly electrochemical – unfortunately

the most difficult types of communication to observe.

Thus, other than in animals, where many signals such as calls or visual displays

are easily observed, the study of plant signals typically requires specialized equip-

ment and complex analytical procedures. Frequently, the existence of signals is

only inferred from observations of a plant’s response to a neighbor, and the actual

signal may never be identified (e.g., Mahall and Callaway 1991, 1996). This of

course makes it impossible to determine whether a signal was received when no

response is observed. Thus plant communication is much more difficult to study

than animal communication, and this likely has been the reason for the long-held,

tacit assumption that plants do not communicate.

3 How Can Communication Between Plants Evolve?

Research on plant communication is still in its infancy compared to animal com-

munication, and an evolutionary biology of plant signals is still lacking. The key

evolutionary question that must be asked about any hypothesized communication

between organisms is: Who benefits from the interaction? Individual selection is the

major driving force of evolution, so a signal exchange that does not benefit the

signaler would seem to be impossible to evolve (Dawkins and Krebs 1978).

However, individuality in plants is a much less clear concept than it is in unitary

animals. All plant ancestors were clonal, all plants are modular, and about 40% of

all plants today are still clonal (Tiffney and Niklas 1985). Adding to that the

observation that many plant species have poor long-distance dispersal abilities,

one has to conclude that a sizable proportion of plants, perhaps even the majority,

will have some long-term neighbors, which are either genetically identical or

closely related. This would suggest that evolutionary pathways of traits involved

in plant interactions may differ substantially from those in unitary animals, and that

evolution of cooperative signaling that benefits a conspecific neighbor may not be

unusual in plants. Moreover, plants tend to live in extraordinary stable groups of

neighbors, which create conditions that allow for group selected traits to evolve

under certain circumstances (Dudley and File 2007; Goodnight 1985; Tuomi and

Vuorisalo 1989; Wilson and Sober 1994; Wilson 1987).

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual Framework 7



3.1 Evolution of Signaling Through Individual Selection

Signal reliability has been the major focus of biological signaling theory for the last

three decades (Searcy and Nowicki 2005), but with the exception of deceptive plant

signaling to pollinators, the topic has not received much attention by researchers

who study signaling between plants. Yet the subject is of vital importance, because

signals that provide false information about the signaler are not evolutionarily stable

unless the deception only occurs in a small proportion of instances (Searcy and

Nowicki 2005). Thus, receivers will respond only in a fashion that, on the average,

benefits the signaler if the signal has a high probability of being reliable (Zahavi and

Zahavi 1997). After much initial debate and controversy, the theory that signals have

to be costly to the signaler (Zahavi 1975, 1977; Zahavi and Zahavi 1997) has been

largely supported by the evidence from a multitude of studies, both modeling and

experimental (Bradbury and Vehrencamp 1998; Grafen 1990; Johnstone 1997;

Searcy and Nowicki 2005). Signal costs may include direct and indirect costs,

such as the metabolic energy to produce a toxin and the costs for the biochemical

machinery to prevent autotoxicity, as well as ultimately the fitness costs for produc-

ing the signal (Searcy and Nowicki 2005). Costly signals are unlikely to be faked and

therefore will tend to be reliable (Zahavi and Zahavi 1997). Some researchers

continue to maintain that there is a separate category of signals that are inherently

reliable and come at no cost to the signaler (Maynard Smith and Harper 2003). An

example would be claw marks made by an animal in the bark of a tree that indicate

the true height of the animal. However, in practice it turns out that there are hardly

any kinds of signals that are truly impossible to fake – imaging an animal jumping up

the tree to make the claw marks – (Searcy and Nowicki 2005), which suggests that

the handicap principle (Zahavi and Zahavi 1997) of high signal cost is essentially the

only way through which signaling can evolve by individual selection. Unless it is in

their own benefit to respond, receivers would not continue to respond to a signal that

comes with little cost to the signaler and therefore is easily faked.

It is surprising to note that to date only a single paper on the subject of signaling

between plants (Zhang and Jiang 2000) – a modeling study of sibling rivalry among

ovules – appears to have invoked the handicap principle. The idea of signaling cost

still appears to be foreign to the debate about plant communication. This puts the

field at a huge disadvantage, because signaling systems continue to be proposed

without reference to whether or not they benefit the signaler and convey reliable

information to a receiver and thus could possibly evolve. An example will help to

make the point (see Box 1): roots of the desert shrub Ambrosia dumosa have been

found to cease growth after contact with other roots belonging to conspecifics of the

same population (Mahall and Callaway 1991, 1992, 1996). This has been attributed

to signals received from the neighbor’s roots. It seems intuitively clear in this

example that the hypothesized signaler would benefit from the self-curtailing

behavior of a potential competitor, but why would the receiver respond in this

fashion? Amodeling study (see Box 1) of root competition for water between plants

with Ambrosia-type behavior suggests that plants could benefit from sensing the
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presence of competing roots and reallocating root growth to parts of the soil that are

not occupied by competing roots. However, this would only be true for root

competition for relatively immobile resources. Allowing higher rates of soil water

conductivity eliminated the advantage of root territoriality (Box 1, Fig. 1f). More-

over, the advantage of intraspecific root territoriality also disappears in the presence

of a nonterritorial competitor (Box 1, Fig. 1e), such as desert annuals that normally

compete with Ambrosia dumosa shrubs (Holzapfel and Mahall 1999). And here lies

the problem: root signals that are produced by a signaler regardless of whether soil

resources are depleted or available do not provide reliable information to receiver

roots and therefore would appear to be unlikely to evolve. The alternative, evolu-

tion of such signals by kin or group selection is discussed below.

To take this example further, Ambrosia dumosa roots have also been found to

cease growth when approaching roots of the much larger desert shrub Larrea
tridentata (Mahall and Callaway 1991, 1992), with which A. dumosa is co-

dominant over huge areas of the Sonoran and Mojave Deserts of North America.

In this case, kin or group selection cannot be invoked to explain the existence of a

signaling system, which suggests that Ambrosia roots either respond to a costly and
reliable root signal from Larrea or that Larrea roots exude an unidentified toxin that
cannot be ignored (Schenk et al. 1999). Larrea roots also cease growth when

approaching other Larrea roots (Mahall and Callaway 1991, 1992). The modeling

study presented in Box 1 found that the self-curtailing root behavior of an Ambro-
sia-like plant in competition with a Larrea-like plant could also benefit the

“Ambrosia” if soil resources were immobile (Box 1, Fig. 1e) and if therefore the

presence of the competitor’s root reliably indicated local resource depletion. How-

ever, in nature, Larrea roots are just as unlikely as Ambrosia roots to deplete local

soil resources continuously to such an extent that the mere presence of a Larrea root
would reliably indicate resource depletion (Box 1). Interestingly, in the modeling

study, Larrea-type plants only benefited from self-curtailing root behavior of

competitors when these competitors also behaved like Larrea roots (Box 1,

Fig. 1e). These examples show that benefits and costs for signalers and receivers

of root signals are not easily determined, thereby leaving it open to question how

they could evolve.

The alternative idea that Larrea produces root toxins in sufficient quantities to

poison the roots of a coevolved competitor seems exceedingly unlikely. In fact,

there are rather few documented cases of toxic root exudates that are exuded in such

large quantities that they can affect competing roots before being absorbed by soil

particles or broken down by oxidation or by microbes (Cheng 1995; Newman

1978). Yet toxic root exudates undoubtedly exist (Inderjit and Weston 2003).

So why would plants produce root toxins that cannot poison the roots of their

neighbors? An answer to this puzzling question is provided by Zahavi’s handicap

principle (Zahavi and Zahavi 1997): a toxin is a powerful and reliable signal

because it comes at a substantial cost to the signaler for production and autotoxicity

prevention. If only the most active fine roots produced it then the toxin would be a

reliable signal to roots of coevolved competitors of the presence of an active root

that belongs to a competitor strong enough to produce such a costly signal. Thus in
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Box 1 A Cellular Automaton Model of Root Territoriality

This model (Fig. 1) was developed to explore the potential benefits to plants

of root signaling systems associated with root territoriality (Schenk et al.

1999). The spatially-explicit root model is run within a 100 by 100 cell two-

dimensional grid, in which each cell represents 1 cm3 of soil. Simulations are

run for 50 time steps of 4 days each (200 days total). All carbon costs are

converted to a common currency of water units (375 mg H2O/mg C) for

production (60 mg H2O cm�1) and maintenance of roots (0.75 mg H2O cm�1

day�1), for associated shoots (2.5 shoot/root ratio), and production of root

signals (1.75 mg H2O cm�1 day�1). Each cell in the grid is initialized with

150 mg of H2O, with no replenishment, as might occur in a desert following a

saturating rain. Initially ten plants are placed randomly in the grid, each

starting with enough resources to produce four initial root nodes. During

each time step, the following actions are applied in random order to each

plant in the grid:

1. Pay maintenance costs in water for the total roots system

2. Extract up to 15 mg of water units per day from each cell of soil contacted

by the roots

3. Produce a new root growing in a random direction starting at a node, the

location where growth stops at the end of the previous time step

Roots may grow into any unoccupied cell of the nine grid cells adjacent to

a node, and each new root can grow up to 1 cm per day. Root growth continues

in a straight line within a time step until the plant is out of resources, the root

encounters a root that it cannot cross, as determined by its territorial behavior

(see below), or the root is 4 cm long. Following root growth, all water in the

system diffuses to neighboring cells based on an exponential probability

density function. The model outputs total root length and water uptake of

each plant at each step in the simulation, produces maps of roots and water

content of each cell in the grid.

Root behavior is determined by two variables that determine whether a

root can cross another root of the same species or of another species. No roots

are allowed to cross their own roots. We set combinations of these two

variables to establish three species with different territorial behaviors:

“Non-territorial” (no inter-or intraspecific root territories), Ambrosia-type
(intraspecific root territories only), and Larrea-type (intra- and interspecific

root territories).

In our simulations, we ran a full factorial combination of all six unique

pairs of the three species (including monocultures) at each of two water

conductivities (f = 1 cm and f = 80 cm) for a total of 12 unique treatments.

All treatments were replicated ten times for a total of 120 simulations. Note

that in the high conductivity treatment, water is redistributed nearly evenly

across the entire grid, as the mean diffusion distance (80 cm) is nearly the

maximum grid dimension (100 cm).
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coevolved systems one would not expect to find production of root toxins at levels

high enough to actually poison a neighbor’s roots. However, toxin-producing

plant species outside their native range can encounter new neighbors that do not

recognize the signal. In that case, natural selection would either favor elimination
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Fig. 1 (a) Basic structure of the cellular automaton model. (b) A root map at the end of a 200 day

simulation. (c) Mean water uptake per plant for non-territorial and territorial plants. (d) Total root

length per plant for non-territorial and territorial plants. Because of the structure of the model,

cumulative water uptake is closely correlated with cumulative root length. (e) Final root lengths

per plant at the end of ten 200 day simulations at low soil water conductivity. (f) Final root lengths

per plant at the end of ten 200 day simulations at high soil water conductivity
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of the signal or an increase in its production to a level where it actually does poison

neighbors’ roots. The latter case is exactly what was found with the spotted

knapweed, Centaurea maculosa, which is invasive in western North America. In its

nonnative range, the species was found to produce the phytotoxin (�)-catechin in

the field at high concentrations that inhibit native species’ growth and germination,

but soil concentrations of the phytotoxin in Centaurea maculosa populations in its

native range in Europe were much lower (Bais et al. 2003). Callaway et al. (2005)

found evidence for rapid natural selection for tolerance of (�)-catechin in compe-

titors of Centaurea maculosa, which further supports the hypothesis that poisoning

neighbors is not an evolutionary stable strategy. The handicap principle, on the other

hand, can explain why toxic substances, including reactive oxygen species (del Rı́o

and Puppo 2009) and nitric oxide (Tuteja and Sopory 2008), are common signaling

molecules both within and between plants.

3.2 Evolution of Signaling Through Kin or Group Selection

Evolution of signaling between a signaler and a receiver can be explained without

recourse to the handicap principle, if the interests of both participants overlap and both

benefit from the information exchange. Unfortunately, the history of biological com-

munications research is rife with examples of studies where common interests have

been assumed rather than tested (Dawkins and Krebs 1978). Because plants appear to

lack social behavior, cases of common interests between individual plants are likely to

be restricted to interactions between genetically identical or related plants and poten-

tially to close mutualistic associations between plant species. Because many plants are

clonal and/or lack long-distance dispersal mechanisms, they are likely to interact with

genetically related neighbors, and this would create conditions in which “true com-

munication” can evolve that benefits both signaler and receiver. The purported

signaling mechanism by which the desert shrub Ambrosia dumosa reduces intraspe-

cific root competition (Box 1) would appear to fall into this category. Ambrosia
dumosa is a clonal shrub that normally fragments into separate ramets as it matures

(Espino and Schenk 2009; Jones and Lord 1982; Schenk 1999), and competition

among these ramets would create costs with no benefits to the genetic individual.

Interestingly, Ambrosia dumosa ramets segregate their root systems only when they

are disconnected from each other and they also segregate root systems from those of

other ramets from the same population (Mahall and Callaway 1996). This suggests

that root communication that leads to root segregation in this species may have

evolved by a combination of individual, kin, and group selection, which may not be

uncommon in plants (Goodnight 1985; Tuomi and Vuorisalo 1989).

Volatile “alarm calls” between conspecific plants in response to herbivore attack

may offer other examples for kin- or group-selected signaling systems (Baldwin

and Schultz 1983; Dolch and Tscharntke 2000; Farmer and Ryan 1990), but in

clonal plants these could also evolve by individual selection (Karban et al. 2006;

Shiojiri and Karban 2006, 2008). The common interest between communication
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partners in this case could be the use of induced chemical defenses to deter

herbivores from a whole plant neighborhood and thereby reduce the risk of further

attack for all plants in that neighborhood. An alternative explanation for “alarm

calls” is that they evolve through individual selection and are directed at predators

(Zahavi and Zahavi 1997), informing them of defense induction or that they are

directed at a predator’s predator (Kessler and Baldwin 2001).

The animal communications literature holds many examples for communication

between related organisms, some of which may also occur in plants. For example,

begging for food from a parent is a common behavior in birds and many other

animals with parental care. The plant equivalent for this type of sibling rivalry is

signaling associated with competition between ovules for resources from the

maternal plant. Interestingly, research in plants has focused mostly on the maternal

regulation of ovule abortion in plants (Bañuelos and Obeso 2003; Ganeshaiah and

Shaanker 1988; Korbecka et al. 2002; Shaanker et al. 1996), but the animal

literature suggests that offspring may be more likely to affect the outcome of

sibling rivalry than the mother (Mock and Parker 1998; Searcy and Nowicki

2005). Conflicts between selfish interests of ovules and interests of the mother

plant were addressed in a modeling study by Zhang and Jiang (2000) that explicitly

included the costs of signals produced by ovules.

Although there are many examples for positive interactions between plants

(Callaway 2007), there is little evidence for mutualistic associations between

plant species that are so close that signaling may be involved in forming the

association. Graft formation between root systems (Graham and Bormann 1966)

may fall into this category, as graft formation involves signaling between the graft

partners (Pina and Errea 2005; Yeoman 1984). However, the costs and benefits of

natural root grafts are poorly understood, and it remains to be seen whether they can

be truly mutualistic (Loehle and Jones 1990).

3.3 Evolution of Signaling Through Sexual Selection

Sexual signaling in plants has been thought to be directed exclusively at animal

pollinators (Silvertown and Gordon 1989), but a wealth of recent information on

pollen competition and pollen-pistil interactions (Aizen and Harder 2007; Cruzan

1993; Erbar 2003; Herrero and Hormaza 1996; Lankinen et al. 2009; Nakamura and

Wheeler 1992; Ruane 2009; Snow and Spira 1991) forces a re-evaluation of this

view. Sexual selection associated with mate choice involves an abundance and

variety of conspicuous signaling systems in animals (Wilson 1975), and there is no

a priori reason to think that processes that are such powerful selective forces in

animals would not be equally powerful in plants. Sexual signaling between males

and females involves diverging interests between signaler and receiver, including

high fitness benefits to females if they can detect high-quality males and high fitness

benefits to low-quality males if they can deceive females into mating with them
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(Searcy and Nowicki 2005). Male gametophytes in plants would appear to lack the

resources for a plant equivalent to the male peacock’s tail. Instead, male competi-

tion (Ruane 2009; Snow and Spira 1991) and female choice (Cruzan 1993; Herrero

and Hormaza 1996) take place hidden from sight at the stigmatic surface or in the

pollen-tube transmitting tissue (Erbar 2003). Signaling between males and females

associated with sexual selection in plants has been discussed in great detail by

Skogsmyr and Lankinen (2002), and readers are referred to that review.

4 A Conceptual Framework for the Evolutionary

Ecology of Plant Signals

In plant literature, the term signaling has mostly been used for plant-internal signals

(Baluška and Mancuso 2009b) or for interactions between plants and their environ-

ment (Baluška 2009). Consistency in terminology with other scientific literature

in biology would exclude from signaling any information gathering from the abiotic

or biotic environment that does not benefit a signaler. While acknowledging

the separate traditions, we argue that there is much to be gained from adopting

consistent terms and concepts across all of biology. Plant biology can benefit from

the accumulated knowledge of many decades of research on communications in

other organisms by looking for similarities and differences between communication

in plants and communication in animals, bacteria, protists, and fungi. Certain

categories of interactions among individuals – including territorial defense, mate

choice, parent-offspring, and kin interactions – have produced a wealth of signaling

systems in other organisms and are likely to have produced signaling in plants as

well. Evolution of biological signals is likely to differ greatly between systems

where the interests of signalers and receivers overlap, diverge, or oppose (Searcy and

Nowicki 2005). Table 1 presents a conceptual framework of plant signals grouped

into these three categories and further divided into specific types of interactions.

5 Conclusions

The history of animal communications research provides some useful lessons

to researchers engaged in the emerging field of plant communications research.

For some of the last three decades, progress in the understanding of animal com-

munications had been hampered by conflicting uses of concepts and terms and by

fundamental disagreements about the processes that underlie the evolution of

animal signals. Conflicts and disagreements are important parts of the scientific

process, but it is even more important for that process to learn both from past

mistakes and advances in understanding. There is now an emerging consensus that
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signaling costs are vital for the evolution of many, if not most, biological signaling

systems. Except for communications between genetically related individuals, only

costly and therefore reliable signals are likely to evolve by individual selection, and

this is likely to be true also for plants.

The handicap principle that led to the understanding of the importance of signaling

costs may also throw new light on the role of phytotoxins in plant interactions. The

ecological roles of allelochemical toxins have been puzzling to plant ecologists for a

long time, because such toxins rarely occur in concentrations large enough to actually

poison a competitor. Reinterpreting toxins as costly, and therefore reliable, signals

provides a new explanation for a long-standing mystery in plant ecology.

Finally, we argue that the term and concept of allelopathy are much less useful

than the more consistent and integrative term and concept of plant communications.

Communication and chemical inhibition are very different concepts, but molecules

may commonly serve both as toxins and as signals; therefore, these two concepts

cannot be relegated to separate fields of inquiry and instead should all be part of

plant interactions research. Moreover, communication and inhibition are universal

processes across all of biology, and maintaining separate terminologies for different

biological disciplines would only serve to obscure the commonalities. Adopting

Table 1 Different types of biological communication that have been observed to occur or could

potentially occur between plants, grouped by the relationship between the interests of signaler and

receiver. Interest here refers to potential fitness benefits resulting from the signal exchange.

References cited are only meant to cite examples and more citations may be found in the text

Relationship between

signaler and receiver

Roles of signaler

and receiver

Examples in plants

Interests oppose Competitors Territorial root communications (Schenk 2006;

Schenk et al. 1999)

Host and parasite Signals from potential hosts that warn off

parasites?

Interests overlap Male and female

gametes of the

same plant

Self/non-self recognition during self-

incompatibility (Haring et al. 1990; Rea and

Nasrallah 2008)

Ramets Self/non-self recognition in roots (Falik et al.

2003; Holzapfel and Alpert 2003); “Alarm

calls”: volatile signals that induce defenses

against herbivores (Karban et al. 2006)

Kin “Begging calls”: Sibling rivalry between ovules

(Bañuelos and Obeso 2003; Ganeshaiah and

Shaanker 1988); “Alarm calls”: volatile

signals that induce defenses against

herbivores (Farmer and Ryan 1990)

Mutualists Root graft formation? (Loehle and Jones 1990)

Interests diverge Male and female

gametes of

different plants

Pollen competition (Ruane 2009; Snow and Spira

1991); “Female choice” of pollen (Cruzan

1993; Herrero and Hormaza 1996)

“Signaler” has no

interest in signal

exchange

Various This is not biological communication and

signaling, but information gathering from

cues. Examples too numerous to list.
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some concepts and terms from animal research will allow plant behavioral re-

searchers to build on knowledge and understanding gained from the longer and

more productive history of animal behavioral ecology and perhaps to avoid some of

its pitfalls and mistakes.
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Bañuelos MJ, Obeso JR (2003) Maternal provisioning, sibling rivalry and seed mass variability in

the dioecious shrub Rhamnus alpinus. Evol Ecol 17:19–31
Bateson G (2000) Steps to an ecology of mind. University of Chicago Press, Chicago

Bradbury JW, Vehrencamp SL (1998) Principles of animal communication. Sinauer Associates,

Sunderland, MA

Callaway RM (2007) Positive interactions and interdependence in plant communities. Springer,

Berlin

Callaway RM, Ridenour WM, Laboski T, Weir T, Vivanco JM (2005) Natural selection for

resistance to the allelopathic effects of invasive plants. J Ecol 93:576–583

Chehab EW, Eich E, Braam J (2009) Thigmomorphogenesis: a complex plant response to

mechano-stimulation. J Exp Bot 60:43–56

Cheng HH (1995) Characterization of the mechanisms of allelopathy: modeling and experimental

approaches. In: Inderjit, Dakshini KMM, Einhellig FA (eds) Allelopathy: organisms, pro-

cesses, and applications, vol 582. American Chemical Society, Washington, DC, pp 132–141

Cruzan MB (1993) Analysis of pollen-style interactions in Petunia hybrida; the determination of

variance in male reproductive success. Sex Plant Reprod 6:275–281

Davies E (2004) New functions for electrical signals in plants. New Phytol 161:607–610

Dawkins R, Krebs JR (1978) Animals signals: information or manipulation? In: Krebs JR, Davies

NB (eds) Behavioural ecology – an evolutionary approach. Blackwell Scientific Publications,

Oxford, pp 282–309

del Rı́o LA, Puppo A (2009) Reactive oxygen species in plant signaling. Springer, Berlin

Dicke M, Sabelis MW (1988) Infochemical terminology: based on cost-benefit analysis rather than

origin of compounds? Funct Ecol 2:131–139

Dolch R, Tscharntke T (2000) Defoliation of alders (Alnus glutinosa) affects herbivory by leaf

beetles on undamaged neighbours. Oecologia 125:504–511

Dudley SA, File AL (2007) Kin recognition in an annual plant. Biol Lett 3:435–438

Dusenbery DB (1992) Sensory ecology. W.H. Freeman and Company, New York

Einhellig FA (1995) Allelopathy: current status and future goals. In: Inderjit, Dakshini KMM,

Einhellig FA (eds) Allelopathy: organisms, processes, and applications, vol 582. American

Chemical Society, Washington, DC, pp 1–24

16 H.J. Schenk and E.W. Seabloom



Erbar C (2003) Pollen tube transmitting tissue: place of competition of male gametophytes. Int

J Plant Sci 164:S265–S277

Espino S, Schenk HJ (2009) Hydraulically integrated or modular? Comparing whole-plant-level

hydraulic systems between two desert shrub species with different growth forms. New Phytol

183:142–152

Falik O, Reides P, Gersani M, Novoplansky A (2003) Self/non-self discrimination in roots. J Ecol

91:525–531

Farmer EE, Ryan CA (1990) Interplant communication: airborne methyl jasmonate induces

synthesis of proteinase inhibitors in plant leaves. Proc Natl Acad Sci USA 87:7713–7716

Fowler SV, Lawton JH (1985) Rapidly induced defenses and talking trees: the devil’s advocate

position. Am Nat 126:181–195

Fromm J, Lautner S (2007) Electrical signals and their physiological significance in plants. Plant

Cell Environ 30:249–257

Ganeshaiah KN, Shaanker RU (1988) Seed abortion in wind-dispersed pods of Dalbergia sissoo:
maternal regulation or sibling rivalry. Oecologia 77:135–139

Goodnight CJ (1985) The influence of environmental variation on group and individual selection

in a cress. Evolution 39:545–558

Gosling LM, Atkinson NW, Collins SA, Roberts RJ, Walters RL (1996) Avoidance of scent-

marked areas depends on the intruder’s body size. Behaviour 133:491–502

Gould SJ, Lewontin RC (1979) The spandrels of San Marco and the Panglossian paradigm: a

critique of the adaptationist programme. Proc R Soc Lond B 205:581–598

Grafen A (1990) Biological signals as handicaps. J Theor Biol 144:517–546

Graham BF Jr, Bormann FH (1966) Natural root grafts. Bot Rev 32:255–292

Haring V, Gray JE, McClure BA, Anderson MA, Clarke AE (1990) Self-incompatibility: a self-

recognition system in plants. Science 250:937–941

Herrero M, Hormaza J (1996) Pistil strategies controlling pollen tube growth. Sex Plant Reprod

9:343–347

Holzapfel C, Alpert P (2003) Root cooperation in a clonal plant: connected strawberries segregate

roots. Oecologia 134:72–77

Holzapfel C, Mahall BE (1999) Bidirectional facilitation and interference between shrubs and

annuals in the Mojave Desert. Ecology 80:1747–1761

Inderjit, Weston LA (2003) Root exudates: an overview. In: de Kroon H, Visser EJW (eds) Root

ecology, vol 168. Springer-Verlag, Berlin, pp 235–255

Johnstone RA (1997) The evolution of animal signals. In: Krebs JR, Davies NB (eds) Behavioural

ecology. Blackwell Publishing, Oxford, pp 155–178

Jones CS, Lord EM (1982) The development of split axes in Ambrosia dumosa (Gray) Payne

(Asteraceae). Bot Gaz 143:446–453

Karban R, Shiojiri K, Huntzinger M, McCall AC (2006) Damage-induced resistance in sagebrush:

volatiles are key to intra- and interplant communication. Ecology 87:922–930

Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant volatile emissions in

nature. Science 291:2141–2144

Korbecka G, Klinkhamer PGL, Vrieling K (2002) Selective embryo abortion hypothesis revisited -

A molecular approach. Plant Biol 4:298–310

Krebs JR, Davies NB (eds) (1997) Behavioural ecology: an evolutionary approach, 4th edn.

Blackwell Science, London

Lankinen A, Maad J, Armbruster WS (2009) Pollen-tube growth rates in Collinsia heterophylla
(Plantaginaceae): one-donor crosses reveal heritability but no effect on sporophytic-offspring

fitness. Ann Bot 103:941–950

Littlejohn SW, Foss KA (2008) Theories of human communication. Thomson, Belmont, CA

Loehle C, Jones RH (1990) Adaptive significance of root grafting in trees. Funct Ecol 4:268–271

Lund EJ (1947) Bioelectric fields and growth. The University of Texas Press, Austin, TX

Mahall BE, Callaway RM (1991) Root communication among desert shrubs. Proc Natl Acad Sci

USA 88:874–876

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual Framework 17



Mahall BE, Callaway RM (1992) Root communication mechanisms and intracommunity distribu-

tions of two Mojave Desert shrubs. Ecology 73:2145–2151

Mahall BE, Callaway RM (1996) Effects of regional origin and genotype on intraspecific root

communication in the desert shrub Ambrosia dumosa (Asteraceae). Am J Bot 83:93–98

Marler P (1977) The evolution of communication. In: Sebeok TB (ed) How animals communicate.

Indiana University Press, Bloomington, IN, pp 45–70

Maynard Smith J, Harper D (2003) Animal signals. Oxford University Press, Oxford

Mock DW, Parker GA (1998) Siblicide, family conflict and the evolutionary limits of selfishness.

Anim Behav 56:1–10

Molisch H (1937) Der Einfluss einer Pflanze auf die andere - Allelopathie. Gustav Fischer, Jena,

Germany

Nakamura RR, Wheeler NC (1992) Pollen competition and paternal success in Douglas-Fir.

Evolution 46:846–851

Newman EI (1978) Allelopathy: adaptation or accident? In: Harborne JB (ed) Biochemical aspects

of plant and animal coevolution. Academic Press, London, pp 327–342

Otte D (1974) Effects and functions in the evolution of signaling systems. Ann Rev Ecol Syst

4:385–417

Pina A, Errea P (2005) A review of new advances in mechanism of graft compatibility-incompati-

bility. Sci Hortic 106:1–11

ReaAC, Nasrallah JB (2008) Self-incompatibility systems: barriers to self-fertilization in flowering

plants. Int J Dev Biol 52:627–636

Retallack DL (1973) The sound of music and plants. DeVorss, Santa Monica, CA

Rhoades DF (1985) Pheromonal communication between plants. In: Cooper-Driver GA, Swain T,

Conn EE (eds) Chemically mediated interactions between plants and other organisms, vol 19.

Plenum Press, New York, pp 195–218

Rice EL (1984) Allelopathy, 2nd edn. Academic Press, Orlando

Ritman KT, Milburn JA (1988) Acoustic emissions from plants: ultrasonic and audible compared.

J Exp Bot 39:1237–1248

Ruane LG (2009) Post-pollination processes and non-random mating among compatible mates.

Evol Ecol Res 11:1031–1051

Schenk HJ (1999) Clonal splitting in desert shrubs. Plant Ecol 141:41–52

Schenk HJ (2006) Root competition: beyond resource depletion. J Ecol 94:725–739

Schenk HJ, Callaway RM, Mahall BE (1999) Spatial root segregation: Are plants territorial? Adv

Ecol Res 28:145–180

Searcy WA, Nowicki S (2005) The evolutionof animal communication: reliability and deception

in signaling systems. Princeton University Press, Princeton, NJ

Shaanker RU, Ravishankar KV, Hegde SG, Ganeshaiah KN (1996) Does endosperm reduce intra-

fruit competition among developing seeds? Plant Syst Evol 201:263–270

Shannon CE (1948) A mathematical theory of communication. The Bell Syst Tech J 27:379–423

Shiojiri K, Karban R (2006) Plant age, communication, and resistance to herbivores: young

sagebrush plants are better emitters and receivers. Oecologia 149:214–220

Shiojiri K, Karban R (2008) Vascular systemic induced resistance for Artemisia cana and volatile
communication for Artemisia douglasiana. Am Midl Nat 159:468–477

Silvertown J, Gordon DM (1989) A framework for plant behavior. Annu Rev Ecol Syst

20:349–366

Skogsmyr I, Lankinen A (2002) Sexual selection: an evolutionary force in plants. Biol Rev

77:537–562

Slater PJB (1983) The study of communication. In: Halliday TR, Slater PJB (eds) communication,

vol 2. Blackwell Scientific Publications, Oxford, pp 9–42

Snow AA, Spira TP (1991) Pollen vigour and the potential for sexual selection in plants. Nature

352:796–797

18 H.J. Schenk and E.W. Seabloom



Tiffney BH, Niklas KJ (1985) Clonal growth in land plants: a paleobotanical perspective.

In: Jackson JBC, Buss LW, Cook RE (eds) Population biology and evolution of clonal

organisms. Yale University Press, New Haven, pp 35–66

Tuomi J, Vuorisalo T (1989) Hierarchical selection in modular organisms. Trends Ecol Evol

4:209–213

Tuteja N, Sopory SK (2008) Chemical signaling under abiotic stress environment in plants. Plant

Signal Behav 3:525–536

Wagner WE (1989) Fighting, assessment, and frequency alteration in Blanchard’s cricket frog.

Behav Ecol Sociobiol 25:429–436

Watzlawick P, Beavin JH, Jackson DD (1967) Pragmatics of human communication: a study of

interactional patterns, pathologies, and paradoxes. W.W.Norton, New York

Wiener N (1948) Cybernetics or control and communication in the animal and the machine. Wiley,

New York

Wiley RH (1994) Errors, exaggeration, and deception in animal communication. In: Real L (ed)

Behavioral mechanisms in evolutionary ecology. University of Chicago Press, Chicago,

pp 157–189

Wilson EO (1975) Sociobiology: the new synthesis. The Belknap Press of Harvard University

Press, Cambridge, MA

Wilson JB (1987) Group selection in plant populations. Theor Appl Genet 74:493–502

Wilson DS, Sober E (1994) Group selection: the theory replaces the bogey man. Behav Brain Sci

17:639–654

Yeoman MM (1984) Cellular recognition systems in grafting. In: Linskens HF, Heslop-Harrison J

(eds) Cellular interactions, vol 17. Springer-Verlag, Berlin, pp 453–472

Zahavi A (1975) Mate selection - a selection for a handicap. J Theor Biol 53:205–214

Zahavi A (1977) The cost of honesty (further remarks on the handicap principle). J Theor Biol

67:603–605

Zahavi A, Zahavi A (1997) The handicap principle: a missing piece of Darwin’s puzzle. Oxford

University Press, Oxford

Zhang DY, Jiang XH (2000) Costly solicitation, timing of offspring conflict, and resource

allocation in plants. Ann Bot 86:123–131

Zweifel R, Zeugin F (2008) Ultrasonic acoustic emissions in drought-stressed trees - more than

signals from cavitation? New Phytol 179:1070–1079

Evolutionary Ecology of Plant Signals and Toxins: A Conceptual Framework 19





The Chemistry of Plant Signalling

Michael A. Birkett

Abstract This chapter highlights the contribution that chemical sciences, i.e.

analytical and synthetic organic chemistry, has made to the understanding of

plant–insect interactions from an ecological perspective. This includes a general

overview of the approaches and techniques used in the isolation of natural products

that play a role in mediating such interactions and recent examples of the important

role that chemical techniques have played. It covers plant-derived signals that are

both constitutively produced and those induced in response to defence signalling

stimuli, including insect attack. It also includes insect-derived elicitors of plant

defence. Finally, future prospects of the role of chemical sciences in plant–insect

interaction studies are discussed.

1 Introduction

The study of plant–insect interactions comprises a vast range of disciplines, includ-

ing behavioural and chemical ecology, organic chemistry, neurophysiology, bio-

chemistry, molecular biology and field behaviour. Whilst any or all of these could

rightly claim to be of the utmost importance from a scientific perspective, it is the

chemical sciences, i.e. analytical and synthetic organic chemistry, which hold most

weight from a fundamental and applied perspective, by providing new tools for

studying plant responses at the chemical level in genomically sequenced plants and

for the manipulation of organisms that have a negative impact on the performance

of arable crops and other ecosystems. Nevertheless, chemists working in the field of

plant–insect interactions are fully aware that their role must fit in seamlessly with

those around them to enhance the prospects of elucidating new pathways or
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products and exploit new developments from areas of chemical sciences to this

scientific area.

This chapter is not designed to be a comprehensive review of every published

paper where the chemistry of plant–insect interactions is mentioned. It is intended

to provide the reader with examples of how chemical techniques that have been, or

are currently being, applied to plant–insect interaction studies. There is also a focus

on recent examples of how the areas of analytical and synthetic organic chemistry

have played a crucial role in elucidating plant–insect interactions. Finally, the

chapter describes how the chemical sciences will play a role in future plant–insect

interaction studies, with an emphasis on new and emerging chemical techniques.

2 Approaches to the Isolation and Identification of Plant

and Insect-Derived Signals

2.1 Collection of Biological Samples for Analysis

The collection of biological material from plants, and the approaches to be used in

that process, depends on the chemical nature of the component or components to be

studied. Typically, plant–insect interactions are mediated by small lipophilic mole-

cules (SLMs) that are either emitted as volatile organic compounds (VOCs), present

within plant tissue, or deposited on the plant surface. Interactions at a distance are

mediated by olfactory perception of VOCs, and this phenomenon has been

exploited through the development of electrophysiological recordings from insect

antennae (Pickett et al. 2009) for the identification of host attractants (kairomones).

At close distances, or once contact has been made, interactions are influenced by the

detection of toxic/antifeedant plant compounds. There are many examples in the

literature referring to the identification of toxic and antifeedant plant natural

products, but these are beyond the scope of this chapter and the reader can refer

to alternative literature (e.g. Gordon-Weeks and Pickett 2009). Instead, this chapter

is generally restricted to the SLMs that are generated upon insect herbivory. In

many cases, but not all, such molecules are generated via oxidative metabolism of

the polyunsaturated fatty acid (PUFA) and isoprenoid pathways.

2.1.1 Dynamic Headspace Collection

The chemical composition and intensity of plant VOCs carry much information on

plant status (D’Alessandro and Turlings 2006), and indeed on the identity of the

insect involved when attacked (e.g. Du et al. 1998; Dicke 1999). A vast amount of

knowledge has been generated on the range of VOCs emitted by plants, with over

1,000 VOCs having been identified at present. These belong to several different

class of compound (isoprenoids, fatty acid derived, amino-acid derived, aromatic
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compounds, and compounds arising through oxidative stress). The most common

technique for VOC collection used is that of dynamic headspace collection, other-

wise known as air entrainment. This technique provides the ability to capture VOCs

from plants enclosed in purified air chambers, using porous polymeric materials

such as Porapak Q, Super Q, TENAX TA and activated charcoal (see D’Alessandro

and Turlings 2006 and references therein; for a specific example, see Agelopoulos

et al. 1999). VOCs are then desorped either thermally or by elution using a high

purity solvent. Thermal desorption, when performed in the inlet of a GC injector

port, provides the advantage of whole sample analysis, thus increasing the prospect

of compound detection through enhanced sensitivity. However, such samples can

only be considered as “one–offs”, whereas liquid desorption provides the capability

of using the same sample to link biological and chemical studies – a crucial step in

defining the role of a natural product as a semiochemical. This was exemplified in

the discovery of cis-jasmone as an insect semiochemical and as a plant activator,

where coupled GC-electrophysiology (GC-EAG) was used to identify this com-

pound within a blend of blackcurrant, Ribes nigrum, VOCs (Birkett et al. 2000), and
in the identification of the VOC blend emitted by faba beans, Vicia faba, used by

black bean aphids, Aphis fabae, in host location (Webster et al. 2008). A note of

caution to the reader is that samples collected using air entrainment are effectively

“snapshots” of the VOCs being emitted, i.e. they are “averaged blends”. Therefore,

although information on VOC production can be generated, information on tempo-

ral dynamics of VOC emission is incomplete. Furthermore, in many cases, VOCs

are collected separately from a behavioural assay, and so it is difficult to directly

link behavioural analysis and VOC production. Turlings et al (2004) developed a

six-arm olfactometer which allows simultaneous behavioural testing and collection

of plant VOCs.

2.1.2 Solid Phase Microextraction (SPME)

Solid phase micro extraction (SPME) includes the use of a small fibre coated with an

adsorbent material, typically polydimethylsiloxane (PDMS). This technique has

been used in studying plant–insect interactions, but suffers from the fact that samples

are again “lost” through thermal desorption, and cannot be linked to biological

studies. Furthermore, SPME appears to suffer from being selective in its ability to

trap a range of VOCs (Agelopoulos and Pickett 1998). This appears to sideline its use

in studies where VOC blends are known to play a crucial role in the plant–insect

interactions. SPME has been used for studying belowground interactions, e.g.

measurements of uptake of allelochemicals (Loi et al. 2008). Here, SPME was

used to measure uptake of exogenously applied 1,8-cineole by tomato plants, by

insertion of a SPME fibre into the stem of test plants at a height of 6 cm above

the soil, with the fibre being preconditioned in phosphate-buffered saline (PBS) for

30 min. After 1 h, the fibre was removed and then subjected to GC-MS analysis. The

authors claim that this technique provides a means of tracking compounds within

target plants. SPME was also used in the first identification of an insect-induced
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belowground plant signal, (E)-caryophyllene (Rasmann et al. 2005). Here, roots

damaged by Diabrotrica virgifera were frozen in liquid nitrogen, ground to a

powder, and VOCs collected by SPME. The VOCs were analysed by thermal

desorption directly into a GC-MS instrument. Farag et al. (2006) used SPME in

conjunction with GC-MS to profile rhizobacterial volatiles that induce systemic

resistance and growth in Arabidopsis thaliana (Ryu et al. 2003, 2004; Ping and

Boland 2004). Here, bacteria grown on medium were sealed in glass vials, kept at

50�C, and were sampled for 30 min prior to thermal desorption and GC-MS analysis.

2.1.3 Vacuum Distillation

Vacuum distillation involves the distillation and trapping of volatile-laden air or

plant/insect extracts in liquid nitrogen-cooled traps under high vacuum (Griffiths

and Pickett 1980). Although this technique has been used in the identification of

insect pheromones (Al Abassi et al. 1998; Griffiths and Pickett 1980), it has not

been used extensively in plant–insect interaction studies.

2.1.4 Liquid–Liquid Extraction

Biological samples can be prepared for analysis by partitioning between aqueous

and organic phases which are less polar and immiscible. There are no fixed rules for

choosing the solvent system to be used in the partitioning process, but guidelines

have been published elsewhere (e.g. Millar and Haynes 1998). This technique

forms the basis of extracting compounds from plant tissue, whether they are volatile

or involatile. For plant–insect interaction studies, it has been used for extraction and

analysis of oxylipins in plants (e.g. Schulze et al. 2006). Recently, the technique has

also been used to study other plant signalling mechanisms, e.g. to evaluate the

impact of the naturally-occurring plant activator, cis-jasmone, on the secondary

metabolism of Triticum aestivum (Moraes et al. 2008). Here, the use of liquid phase

extraction allowed measurement of levels of benzoxazinoids and phenolic acids,

which are known to have allelopathic effects on competitive weeds, pests and

diseases. Significantly higher levels of DIMBOA and phenolic acids were found

in aerial and root parts of cis-jasmone treated plants. These results showed for the

first time that cis-jasmone induces production of secondary metabolites capable of

direct control over pests, diseases and weeds.

2.1.5 Solid Phase Extraction (SPE)

Solid-phase extraction (SPE) is a convenient process that involves the concentration

of analytes from dilute samples, and is particularly useful when targeting a specific

group of natural products. Phases for “normal” SPE include silica, alumina and

florisil, which are used to retain unwanted polar compounds, whereas phases for
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reverse SPE (e.g. C18) are used to trap wanted lipophilic compounds. SPE has also

been used as part of a strategy for purifying oxylipins from plant tissue. Here,

aminopropyl cartridges were used to remove interference analytes that interfere

with the derivatisation process (Schulze et al. 2006). This purification procedure

was used in studies that showed conversion of the oxylipin 12-oxophytodienoic acid

(OPDA) to the isomeric iso-OPDA (Dabrowska and Boland 2007).

2.1.6 Stir Bar Sorptive Extraction (SBSE)

Stir bar sorptive extraction (SBSE) was developed as a rapid technique for extracting

organic chemicals from very dilute aqueous media (Soini 2005). A wide range of

volatile and semi-volatile substances (from aqueous and gaseous media) can be

retained on a PDMS-coated magnetic bar (TwisterTM). SBSE-based extractions

have been described in a number of applications. For plant studies, stir bars coated

with PDMS were used as probes to assess the production of sorgoleone in the

rhizosphere of sorghum-sudangrass plants (Weidenhamer 2005). Compounds were

eluted from stir bars by solvent desorption using acetonitrile, followed by HPLC.

SBSE has also been used to study the release of defence VOCs by cabbage plants

upon herbivory by caterpillars, and the attraction of Cotesia spp. parasitoids. SBSE
was used to collect solvent extracts of damaged plants that could be used for both

bioassays and chemical analysis (Scascighini et al. 2005).

2.1.7 Other PDMS Materials

Other types of PDMS materials have been used to study plant signalling processes.

PDMS-coated optical fibres and PDMS tubing have been used in addition to PDMS-

coated stir bars to study the dynamics of allelochemical production in the rhizo-

sphere, specifically the production of sorgoleone over time (Weidenhamer 2007).

2.1.8 Vapour Phase Extraction (VPE)

Vapour phase extraction (VPE) was first reported as a new method for the easy,

sensitive and reproducible quantification of both jasmonic and salicylic acid in

plant defence responses (Engelberth et al. 2003). The method is based on a one-

step extraction, phase partitioning, methylation with HCl/methanol, and collection

of methylated, and thus, volatilised compounds on Super Q filters, thereby omit-

ting further purification steps. Eluted samples are analysed and quantified by

GC-MS using chemical ionisation (GC-CI-MS). Using authentic samples of jas-

monic and salicylic acid, recovery rates were estimated between 90–100% and

70–90% respectively. The limits of detection were about 500 femtograms (fg) by

using GC-MS in SIM mode. This technique is described as being highly efficient,

allowing for reliable quantification of small levels of compounds from small
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amounts of plant material (5–400 mg). The technique was slightly modified, using

trimethylsilyldiazomethane instead of HCl/methanol, and applied to the simulta-

neous analysis of phytohormones, phytotoxins and VOCs in A. thaliana following
Pseudomonas syringae infection, Zea mays herbivory by Helicoverpa zea, Nicotiana
tabacum after mechanical damage and Lycopersicon esculentum during drought

stress in plants (Schmelz et al. 2003). The numerous complex changes led the

authors to propose that this technique can facilitate simple quantification of plant

signalling cross talk that occurs at the level of synthesis and accumulation. The same

authors extend the use of VPE to include unsaturated fatty acids and OPDA

(Schmelz et al. 2004), and phytohormone mapping of insect–herbivore produced

elicitors (Schmelz et al. 2009). The technique has also been used to evaluate

the impact of cis-jasmone on the secondary metabolism of wheat, in conjunction

with liquid–liquid extraction as described above (Moraes et al. 2008). Here, the

use of VPE allowed measurement of levels of benzoxazinoids and phenolic acids,

with levels of HBOA in aerial parts and roots being higher in cis-jasmone treated

plants.

2.1.9 In-Situ Derivatisation

Comprehensive details of derivatising agents are published elsewhere (Millar and

Haynes 1998), but examples relating to plant–insect interactions are mentioned

briefly here. The collection of samples for analysis can be enhanced through the use

of derivatising agents designed for specific functional groups. Examples include the

use of 2,4-dinitrophenylhydrazine (DNPH)-coated filters to facilitate collection of

short-chain unstable aldehydes ((Z)-3-hexenal, (E)-2-hexenal) (D’Alessandro and

Turlings 2006), and the use of pentafluorobenzyl hydroxylamine (PFBHA) to

facilitate collection of labile oxylipin compounds produced in plant tissues

(Schulze et al. 2006). Fatty acid analysis is facilitated by the formation of fatty

acid methyl esters (FAMes) via the use of reagents such as HCl/methanol or

diazomethane (e.g. Engelberth et al. 2003; Schulze et al. 2006), whereas lipid

analysis can be achieved through transesterification using sodium methoxide.

Involatile secondary metabolites such as glycosides can be permethylated using

sodium hydride and methyl iodide to aid analysis by mass spectrometry, whereas

benzoxazinoids and phenolic acids and higher oxidised oxylipins can be converted

to trimethylsilyl ethers using reagents such as MSTFA, and thus become suitable

for GC-MS analysis (Moraes et al. 2008; Schulze et al. 2006).

3 Recent Advances

The aim of this section is to explain briefly how mass spectrometry (MS), nuclear

magnetic resonance (NMR) spectroscopy and synthetic organic chemistry can be

applied to plant–insect interactions studies. It is not the intention of this section to
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provide details of how each of these approaches operates, and the reader is advised

to consult alternative literature which will explain these techniques in a clear and

precise manner. Nevertheless, the importance of each of these aspects cannot be

overestimated. Examples of how these approaches have been used to facilitate

important recent breakthroughs in plant–insect interaction studies are provided.

As stated above, in many cases, plant–insect interactions are characterised by

increased oxidative metabolism which generates small molecular weight lipophilic

compounds, for example, oxidation products from the unsaturated fatty acid

and isoprenoid pathways. These compounds are often produced in vanishingly small

amounts (sub-nanogram) in complex mixtures, and therefore require the use of highly

sensitive analytical equipment. Thus, mass spectrometers (magnetic sector, ion trap,

quadruple, time-of-flight) are the natural and logical choice for identifications. They

are able to generate stable and reproducible physical data at the nanogram level, and

can also be hyphenated to chromatography systems, i.e. GC-MS and HPLC-MS.

Despite the challenge of working at low levels of material, identifications of plant

and insect-derived semiochemicals are facilitated by the use of biological detectors

which are able to operate at levels ofmaterialmuch lower than those used by analytical

systems, e.g. coupled GC-electrophysiology (GC-EAG), which exploits the olfactory

sensilla located on insect antennae (Pickett et al. 2009). However, the pace of

development of modern mass spectrometers, where instruments are increasingly

sensitive and accurate, are able to detect broad spectra of molecules with diverse

chemical and physical properties, and are generally easier to operate and handle,

is now such that identifications should, in theory become easier, assuming that

the underlying ecological aspects are fully understood, and consequent semiochemical

collection and detection is straightforward. Such instruments are now being employed

heavily in modern metabolomic and metabolite profiling strategies.

Mass spectrometry is the predominant technique for structure elucidation, due to

the higher degree of sensitivity that such instruments possess. However, develop-

ments in NMR instrumentation in recent years are now enabling its application in

similar studies, with increased ability to generate NMR data on small amounts of

material in a short space of time. GC-MS is the approach used almost universally to

study VOC-mediated plant–insect interactions, but GC-Fourier Transformed Infrared

Spectroscopy (GC-FTIR) has also been used (see later). Involatile plant compounds,

and more recently, insect-derived elicitors, can be characterised using soft ionisation,

i.e. electrospray or atmospheric pressure chemical ionisation MS coupled to HPLC,

e.g. benzoxazinoids and flavonoids (Bonnington et al. 2003; Cuyckens and Claeys

2004; March et al. 2006). Both GC and HPLC have the potential to be coupled to

NMR, but no such examples have been presented in the literature at this point.

Synthetic organic chemistry is one of the key tenets of natural products chemis-

try, and has been used to confirm the structure of plant natural products in a vast

number of studies conducted since the last century. In the context of plant signal-

ling, chemical synthesis continues to play a vital role through the provision of

authentic samples for structure confirmation, and intermediate and large-scale

synthesis of materials for field testing. Synthesis has also been applied to newly-

identified elicitors of plant defence that originate from insects.
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3.1 Plant Derived Chemical Signals

3.1.1 cis-Jasmone

The isolation and identification of cis-jasmone as a plant-derived insect semio-

chemical and activator of plant defence is a classic example of where mass

spectrometry has a key role in the identification of plant-derived signals. In many

cases, such molecules are produced and emitted in vanishingly small amounts in

highly complex blend, and present a real challenge to the chemist. However, in

Birkett et al. (2000), the use of ultra-sensitive magnetic sector instrumentation,

closely allied to GC-EAG using recordings from the antennae of aphids enabled

the identification of the minor component cis-jasmone with high EAG activity. In

this case, as with all tentative identifications made by MS, the identification was

confirmed by GC peak enhancement using an authentic sample obtained from a

commercial supplier (Pickett 1990). Since the seminal publication, further chemical

studies have started to provide an understanding of the mechanisms by which cis-
jasmone activates indirect and direct plant defence. Induction of defence VOC

production has been demonstrated for A. thaliana (Bruce et al. 2008), soybean,

Glycine max (Moraes et al. 2009) and for cotton, Gossypium hirsutum (Birkett,

unpublished data). In each of these cases, production of the plant stress semiochemi-

cal (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) has been reported. Acti-

vation of direct defence pathways has also been demonstrated for wheat,

T. aestivum, with cis-jasmone treatment leading to enhanced levels of benzoxazinoids

and phenolic acids (Moraes et al. 2008). The levels of these compounds were

investigated using a combination of liquid–liquid extraction and VPE. The latter

has also been applied to study defence induction in faba beans, Vicia faba, follow-
ing cis-jasmone treatment, with the data suggesting enhanced levels of defence

compounds (Moraes and Birkett, unpublished data).

3.1.2 Oxylipins and Phytohormones

Plant compounds derived from the family of unsaturated C18 fatty acids play an

important role in plant–insect interactions. Jasmonic acid (JA) and other members

of the jasmonate family, along with its early precursor OPDA, and other fatty acid-

derived compounds, all appear to play a role in plant defence. Following an

oxidative burst associated with plant stress response, fatty acid hydroperoxides

are generated, which are then further processed into oxylipins. Many of these

compounds, however, are unstable, as a consequence of the presence of unsaturated

ketones and aldehyde moieties. Therefore, an accurate assessment of their produc-

tion upon herbivory is difficult to generate. Several different methods for derivatis-

ing oxylipins for their extraction from plant tissue have been devised, mostly based

on methyl ester formation for GC analysis (see for example, Mueller et al. 2006).

However, in most cases, the extraction process is selective and fails to prevent
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unstable oxylipin degradation, which in the case of compounds containing an

a,b-unsaturated ketone or aldehyde moiety, arises through conjugation with active

agents such as glutathione during the extraction process. A number of studies have

attempted to overcome these problems. VPE was developed for the simultaneous

monitoring of phytohormones JA, SA, abscisic acid, VOCs and low oxidised

oxylipins, i.e. OPDA, from plant tissue (Schmelz et al. 2003, 2004, 2009; Engelberth

et al. 2003), but this approach is viewed in some quarters as not appropriate for

analysis of higher oxidised oxylipins. For these compounds, Schulze et al (2006)

developed a new approach for in situ trapping and extraction based on the immedi-

ate conversion of oxo-derived compounds into stable O-2,3,4,5,6-pentafluoroben-

zyloximes (PFB oximes), thereby preventing any oxylipin degradation and

isomerisation. Detection and identification of the derivatised compounds was best

achieved using negative ion GC-CI-MS due to the characteristic MS fragments of

the different oxylipins. Thus, accurate profiles of fatty acid and oxylipin levels

could be generated and investigated following insect herbivory. This approach for

oxylipin analysis was used to demonstrate that OPDA undergoes rapid isomerisa-

tion to iso-OPDA following exposure to insect gut enzymes (Schulze et al. 2007),

and in studies which showed that iso-OPDA is a natural precursor for cis-jasmone

(Dabrowska and Boland 2007).

Although the pathway of jasmonic acid biosynthesis was established in the

1980s, studies on oxylipin pathways have been hindered in certain areas due to

synthesis of small amounts of material and at high cost. Nevertheless, synthesis for

the provision of commercially unavailable compounds has been reported. Tetra-

hydrodicraneone B (iso-OPDA) was synthesised by Lauchli and Boland (2003).

11-Oxoundec-9-enoic acid was synthesised as described in Schulze et al (2006).

13-Oxotrideca-9,11-dienoic acid was obtained as described by Adolph et al.

(2003). 13-HOTE and 13-KOTE were obtained from 13-hydroperoxyoctadeca-

9,12,15-trienoic acid by Koch et al (2002). A mixture of 9-hydroxy-10-oxo-stearic

acid and 10-hydroxy-9-oxostearic acid can be obtained by oxidising threo-9,
10-dihydroxystearic acid with Bobbits reagent (Schulze et al. 2006). cis-OPDA,
13-hydroxy-12-oxooctadeca-9,15-dienoic acid and 9-hydroxy-12-oxooctadeca-

10,15-dienoic acid have been synthesised using a modified Zimmermann–Feng

approach (Schulze et al. 2007). A mixture of cis-and trans-OPDA isomers can be

obtained by treating cis-OPDA with DBN (1:1 molar ratio of OPDA and DBN for

2 h at room temperature (Schulze et al. 2007). Recently, the production of optically

pure enantiomers of octadecanoids in high amounts in a cost- and time-efficient

manner has been described, with the key step being the expression and purification

of allene oxide synthase (AOS) and allene oxide cyclase (AOC) enzymes, and their

coupling to solid matrices (Zerbe et al. 2007).

Recently a new class of unique oxylipins has been reported from A. thaliana.
These compounds, termed Arabidopsides, are monogalactosyl diacyl glycerides

containing OPDA and/or dinor-OPDA. Arabidopsides A, B, C, D, E and F have all

been isolated from the aerial parts of A. thaliana and characterised (Hisamatsu et al.

2003, 2005; Andersson et al. 2006; Nakajyo et al. 2006). Later studies have shown

that induction of defence in A. thaliana leads to the production of Arabidopside E
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(Andersson et al. 2006; Kourtchenko et al. 2007). Although the authors conclude

that these compounds are specifically generated in A. thaliana following pathogen

infection, it is possible that they may play a role in plant–insect interactions.

3.2 Insect-Derived Chemical Signals

3.2.1 Bruchins

Bruchins are long-chain a,o-diols, esterified at one or both oxygens with

3-hydroxypropionic acid. They were identified from both cowpea weevils, Callo-
sobruchus maculates, and pea weevils, Bruchus pisorum, with the authors reporting
these compounds to be the first natural products to induce neoplasm formation

applied to intact plants (Doss et al. 2000). Extraction and isolation of bruchins was

accomplished through bioassay-guided normal and reverse-phase low pressure

liquid chromatography. Final separation from inactive fatty acids was achieved

through reaction with 2-bromoacetophenone. Alternatively, HPLC was also used

instead of low pressure liquid chromatography. Prior to analysis, further micro-

chemistry was applied, with compounds being hydrolysed and converted to tri-

methylsilylethers using BSTFA, and subjected to ozonolysis. Synthesis of bruchins

was accomplished by standard routes involving acetylene alkylations and semihy-

drogenations and/or Wittig condensations. The (3-hydroxypropyl) esters were

initially prepared by oxidative desilylation of 3-(phenyldimethylsilyl) propionates

as described for bruchin A ((Z)-9-docosene-1,22-diol, 1-(3-hydroxypropanoate)
ester) (Oliver et al. 2000). Initially, 9-decyn-1-ol was deprotonated with butyl-

lithium in THF and alkylated with 12-bromododecanol THP ether. The product was

hydrogenated using Lindlar catalyst and the olefinic alcohol esterified with the acid

chloride obtained by treating 3-(phenyldimethylsilyl) propanoic acid with oxalyl

chloride. Removal of the THP group and treatment of the resulting monoester with

fluoroboric acid etherate in dichloromethane, followed by flash chromatography

yielded the mono 3-(fluorodimethylsilyl)propanoate. Stirring in methanol–THF

containing sodium bicarbonate, potassium fluoride and hydrogen peroxide, fol-

lowed by flash chromatography, yielded the desired Bruchin A.

3.2.2 Volicitin and Related Compounds

The oral secretion of beet armyworm caterpillars (BAW), Spodoptera exigua,
when applied to damaged tissues of maize, induces the production of VOCs that

attract the natural enemies of the caterpillars. Alborn et al. (1997, 2000) and Turlings

et al. (2000) reported the identification of the key elicitor present in BAW oral

secretions as N-[17-hydroxylinolenoyl]-L glutamine (volicitin). Analysis of the oral

secretion showed that it also contained N-[17-hydroxyolinoleoyl]-L-glutamine, free
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17-hydroxylinolenic and 17-hydroxylinoleic acids, the glutamine conjugates of

linolenic and linoleic acid as well as free linolenic and linoleic acid. Isolation of

the active components included initial centrifugation, filtration of the supernatant

and precipitation of proteinaceous material by treatment with citric acid, fol-

lowed by SPE and further fractionation using reverse-phase HPLC. At each

stage, extracts and fractions were tested for biological activity by addition to

Z. mays plants in water and monitoring VOC production and parasitoid wind

tunnel bioassays. Final purification was achieved using further SPE. Characterisa-

tion of volicitin was achieved through fast atom bombardment mass spectroscopy

(FABMS) and FABMSMS, giving information on the molecular weight, and

revealing the possible presence of a glutamine unit. Acid methanolysis followed

by GC-CI-MS confirmed the presence of glutamine. GC-EI-MS suggested a

straight-chain unsaturated hydrocarbon, consistent with a methyl ester of an 18-

carbon hydroxy acid.

Microhydrogenation of the methyl ester over PdO/H2, followed by GC-MS

indicated that more than 1 double bond was present in the side chain. GC-FTIR

confirmed the presence of a hydroxyl group, indicated non-conjugation in the

unsaturated side chain, and no presence of trans double bonds. The methyl ester

of the hydroxy C18 acids was subjected to further microdegradative analysis to

determine the positions of the double bonds and the hydroxyl group. Partial

reduction resulted in both cases in a mixture of monoand diunsaturated products

as established by GC-MS analysis. The mixtures were then ozonised, with GC-CI-

MS analysis showing the presence of three diagnostic GC peaks, which was similar

to that for methyl linolenate. EI mass spectra of a pyrrolidide derivative of the

reduced products confirmed the C-17 location of the hydroxyl group. Alborn et al.

(2000) synthesised racemic 17-hydroxylinolenic acid starting from the ethoxyethyl

ester of 3,6-heptadiyn-1-ol, followed by coupling with the p-nitrobenzyl ester of
L-glutamine using a method developed for peptide synthesis. Since the initial

identification of volicitin, synthesis has enabled the elucidation of the absolute

stereochemistry of volicitin (Sawada et al. 2006; Pohnert et al. 1999b).

Following the initial reports of volicitin as an insect-derived elicitor from

S. exigua (Alborn et al. 1997), further fatty acid – amino acid conjugates were

identified from the oral secretions of other freshly harvested Lepidopteran species

by Pohnert et al. (1999a) using an APCI LC-MS method to analyse oral secretions.

The compounds present in regurgitates were identified as a structurally diverse

group of conjugates of glutamine and glutamic acid linked via an amide bond to

saturated and unsaturated C14, C16 and C18 fatty acids, with proportions being

species specific. Dihydroxy and epoxy fatty acid – glutamine conjugates were

later isolated from the regurgitant of S. exigua and S. frugiperda, using LC-MS,

in conjunction with methanolysis and derivatisation with MSTFA to determine the

positions of the hydroxy groups by GC–MS (Spiteller and Boland 2003). The

synthesis of volicitin and analogues has since been published in a number of studies

(see for example Hansen and Stenstrom 2000; Itoh et al. 2002; Wei et al. 2003;

Krishnamachari et al. 2007), which highlights its suitability as a natural product

target for synthesis chemists.
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3.2.3 Caeliferins

Caeliferins were isolated from the regurgitant of the grasshopper, Schistocerca
americana (Alborn et al. 2007). These novel natural products comprise saturated

and unsaturated sulphated a-hydroxy fatty acids in which the o carbon is functio-

nalised with either a sulphated hydroxyl group or a carboxyl conjugated with a

glycine unit via an amide bond. The predominant compound possessed a 16-carbon

chain and appeared to have most biological activity. Isolation and identification

were achieved in an analogous manner to that of volicitin, but with negative and

positive ion electrospray LC/MS and LC-MSMS used as the soft ionisation tech-

nique rather than FABMS to provide initial information of the molecular mass.

GC-CI-MS analyses of methanolysed material suggested methyl esters, and GC-EI-

MS indicated two alcohols and a carboxylic acid methyl ester. On the basis of MS

data and NMR analyses of intact molecules, compounds were shown to be 2, 16-

dihydroxy C16 fatty acids with the addition of two unknown 80-amu groups. The

only difference between the two compounds was the presence of a double bond,

explaining its weak UV absorption. To test the one double-bond hypothesis, the

methyl ester was subjected to hydrogenation, which, as expected, gave a GC/MS

peak identical to that of the other methyl ester. The presence of two alcohols was

confirmed by acetylation that resulted in the expected increase in molecular weight.

Finally, the presence of only one carboxylic acid was confirmed by ethanolysis and

GC-CI-MS that, for both compounds, gave an ethyl ester with M þ 1 ions 14 amu

higher than for the corresponding methyl esters. GC-CI-MS analyses of ozonised

acetylated methyl ester confirmed the double bond was located between carbon 6

and 7 in the 16-carbon chain. GC-FTIR confirmed two non-identical alcohols and

the presence of a trans double bond. NMR analysis of the original intact material did

not indicate the presence of any other organic structure than a di-O(H) substituted

C16 fatty acid. The consecutive loss of 80 amu in LC/MS analyses was explained by

the loss of sulphate esters, which also explained the high water solubility of the

natural products. Thus, two compounds were identified as 2, 16-disulfooxy-(E)-6-
hexadecenoic acid and 2, 16-disulfooxyhexadecanoic acid, which were named

caeliferin A16:1and caeliferin A16:0, respectively. Both proposed (racemic forms

of) dihydroxy acids were synthesised and transformed to disulfate esters.

4 Structure–Activity Relationships

A classical approach used by chemists working on biologically active natural

products is to generate analogous structures and investigate their biological activity

relative to the parent compound. This approach has been used traditionally by the

pharmaceutical and agrochemical industry in the development of new active agents

with activity and stability greater than the lead compound, e.g. the development of

the synthetic pyrethroids (Elliott et al. 1973). Such a strategy is difficult to envisage

in plant–insect ecological interactions, as the systems have evolved to respond
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specifically to the actual signal, i.e. the effective “lead” compound. However, the

production and/or testing of analogues of plant signals, activators and insect-

derived elicitors can potentially be of great value in investigating structural require-

ments for their biological activity.

Jasmonic acid, and 66 structurally related compounds, were tested by Miersch

et al. (1999) to find the structural requirements which induce the expression of

jasmonate-responsive genes in H. vulgare. Studies showed that an intact cyclopen-

tanone ring, as well as a pentenyl side chain exhibiting only minor alterations, were

necessary for this activity. The (�)-enantiomeric and the (þ)-7-iso-enantiomeric

structure increased activity of jasmonyl compounds. Earlier studies by the same

group (Kramell et al. 1997) showed that in response to jasmonic acid, methyl

jasmonate and its amino acid conjugate, (�)-enantiomers were more active, and

that conjugates were more active if they carry an L-amino acid moiety. Mithofer

et al. (2005) reported evidence showing that common and different biological

responses are mediated by OPDA and / or jasmonic acid, suggesting the existence

of at least two separate structure–activity groups. Based on the structure of a

bacterial phytotoxin, coronatine, with similar biological activities as jasmonates,

Lauchli et al. (2002) designed indanoyl isoleucine conjugates as functional syn-

thetic mimics of octadecanoid-derived signals. Zhang et al. (1997) explored the

structural requirements for jasmonic acid activity in N. sylvestris. The authors

examined jasmonates, mimics and a biosynthetic precursor for nicotine-inducing

activity (NIA). They examined the importance of the keto group on the five-

membered ring and the double bond in the n-pentenyl side chain by comparing

the activity of methyl jasmonate with that of closely related structures. From this

work, they suggested that the keto functional group on the five-membered ring and

the double bond in the n-pentenyl side chain are crucial components of jasmonic

acid for activity.

Compounds containing a,b-unsaturated carbonyl groups are reactive electro-

phile species and have been implicated as potent regulators of gene expression in

plants (Vollenweider et al. 2000; Weber et al. 2004), with some compounds being

powerful cytotoxins that accumulate at the site of lesion. Almeras et al. (2003)

quantified the level of defence gene expression in A. thaliana with a variety of lipid
derivatives. Small a, b-unsaturated compounds (i.e. acrolein, methyl vinyl ketone)

were shown to be potent stimulators of gene expression and far more potent than

larger alkenyl homologues such as (E)-2-hexenal, e.g. treatment with reactive

electrophile species massively increased the levels of unesterified jasmonate pro-

duction/perception.

Heil et al. (2008) searched for a structural motif that characterises VOCs which

elicit defensive responses in neighbouring plants. P. lunatus plants were exposed

to (Z)-3-hexenyl acetate, which is known to be released from damaged plants

and known to induce extra floral nectar (EFN) secretion, and to several structur-

ally related compounds, including (E)-3-hexenyl acetate, (E)-2-hexenyl acetate,
5-hexenyl acetate, (Z)-3-hexenyl isovalerate and (Z)-3-hexenyl butyrate. All com-

pounds elicited significant increases in EFN secretion, demonstrating that neither

the (Z)-configuration nor the position of the double bond nor the size of the
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acid moiety are critical for the EFN-inducing effect. The authors postulated that

physicochemical processes, including interactions with odorant binding proteins

and resulting in changes in transmembrane potentials, can underlie VOC-mediated

signalling processes.

Synthetic analogues of bruchins were prepared by Oliver et al. (2002) and

examined to evaluate structural requirements for inducing the unusual neoplastic

response that is induced in plants. The authors concluded that chain length (opti-

mum length C22–C24) is important, whereas unsaturation within the chain is

relatively unimportant. Difunctionality is required for maximum activity, but the

free diols themselves are inactive. The most critical aspect is the ester portion(s) of

the molecules, with 3-hydroxypropanoate esters being far more active than any

analogues examined.

5 Biosynthetic Studies

Isotopically labelled VOCs, oxylipins, phytohormones and their putative biosyn-

thetic precursors have been used in a number of studies relating to plant–insect

interactions, with mass spectrometry being the route for detection and characterisa-

tion of labelled, intact or metabolised products following incubation with plant

material and subsequent extraction. Labelled materials are also used to validate and

quantify the recovery of plant metabolites using the extraction techniques such as

those described above, e.g. VPE (Schmelz et al. 2003) and the PFBHA approach

described by Schulze et al. (2006). In the latter, synthesis of deuterium-labelled

iso-OPDA and incubation with various plant species was critical to its discovery as

a biosynthetic precursor for cis-jasmone (Lauchli and Boland 2003; Dabrowska and

Boland 2007).

Similarly, elegant studies on the biosynthesis of the acyclic homoterpenes

(E)-4,8-dimethylnona-1,3,7-triene (DMNT) and TMTT have shown that these

plant defence VOCs are biosynthesised from nerolidol and geranyllinalool respec-

tively by oxidative fragmentation resulting in loss of 3-buten-2-one. Synthesis of
2H-nerolidol and 2H-geranylinalool, incubation with various plant species and

GC-MS analysis of the VOCs showed the presence of isotopically labelled DMNT

and TMTT (Boland and Gabler 1989). Further studies on this pathway using

labelled geranylacetone showed that this can also be a precursor for DMNT (Gabler

et al. 1991; Boland et al. 1998). By using chiral labelled intermediates, the stereo-

chemistry of the intermediates of TMTT biosynthesis was revealed (Donath and

Boland 1994), and by using labelled enantiomers of nerolidol, the stereochemistry

of the starting material for DMNT biosynthesis was revealed (Donath and Boland

1995). Together, these studies represent a classic example of elucidating a biosyn-

thetic pathway using chemical approaches.

Isotopically labelled carbon dioxide (CO2) has also been used to investigate

biosynthetic pathways linked to plant–insect interactions. Pare et al. (1998) fed

Z. mays seedlings labelled with labelled CO2 to beet armyworms, and obtained
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chemical evidence that the caterpillars acquire linolenic acid from the plants prior

to its hydroxylation and conjugation with glutamine. The authors surmised that this

modification provided a distinct chemical cue that allows the plant to distinguish

between herbivore damage and other stresses.

6 Future Prospects

Due to the evolving nature of chemical sciences technology, there is an ever

increasing prospect of understanding the chemistry underlying plant–insect inter-

actions. As described above, there is a diverse range of approaches available for the

isolation and analysis of plant and insect chemistry (SPE, SPME, VPE, SBSE etc.),

which is aimed at reducing sample size and sampling time. However, there is a

drawback to all of these approaches, namely that they collect samples at specific

time points. In the real world, plant–insect interactions are dynamic processes; there

is a continuum in place, which current sampling techniques cannot deal with. Thus,

analytical-based approaches which allow “real-time” sampling are required. In

recent years, there have been rapid improvements in mass spectrometry instrumen-

tation, which includes the development of in situ analysis of trace level components

present in air or water, and, of particular relevance to chemical marker identifica-

tion, the development of miniaturised lab scale instruments for rapid, portable use

and which may or may not involve pre-concentration of samples. A method which

has been developed for rapid real-time analysis is proton-transfer-reaction mass

spectrometry (PTR-MS) (Rieder et al. 2001). This technique has already been

applied to plant–insect interactions, e.g. for the analysis of root-secreted VOCs

by A. thaliana (Steeghs et al. 2004) and the detection of methanol emitted by

Nicotiana plants when attacked by Manduca sexta (von Dahl et al. 2006).

A drawback of this technique however is that empirical identification of VOCs is

not possible, as it cannot distinguish between different compounds with the same

molecular mass. A similar method which could be exploited involves membrane

introduction (inlet) mass spectrometry (MIMS), which includes a miniature ion trap

mass spectrometer coupled with PDMS membranes used in SPME (Riter et al.

2003). New ionisation methods are also being developed, which have the potential

to be applied to portable systems. These include desorption electrospray ionisation

(DESI) (Takats et al. 2004), which has already been applied to the analysis of plant

alkaloids (Talaty et al. 2005). Alongside those systems, current space research

programmes are also providing new leads in mass spectrometer miniaturisation.

These include the Ptolemy GC-MS instrument developed for the European Space

Agency’s Rosetta mission, which includes a miniature GC coupled to an ion trap

mass spectrometer (Todd et al. 2007).

A number of physical sensors (biosensors) can potentially be deployed in

plant–insect interaction studies. Where there are examples of biosensors being

developed for detecting plant VOCs, these rely on previous knowledge of the

appropriate markers. These include a portable handheld minaturised GC system
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(zNose) (Kunert et al. 2002), which has been used in real-time analysis of aphid

alarm pheromone production (Schwartzberg et al. 2008). However, these systems –

in particular the simpler artificial nose systems – can suffer from not being able to

discriminate very low levels of key markers in the presence of large amounts of

irrelevant but related compounds. Thus, new, highly tuned physical sensors appear

to be highly suited, in particular those miniature systems that utilise mass spec-

trometry (MS). Of these, the most effective will be those that incorporate gas

chromatography (GC) and mass spectrometry (MS), e.g. the Ptolemy instrument

mentioned above. The physical devices developed will need to be capable of rapid-

throughput screening of airborne and aqueous-derived volatile samples, possibly

using multi-location devices.

From the applied perspective, there is potential to exploit the chemistry of plant

defence in novel plant protection strategies. Here, chemicals can be selected as

markers for the presence of insects at an early stage. However, for the development

of rapid detection systems, there are several challenges that need to be addressed.

These relate to (1) the identification of chemical markers that are specific to

particular insects and can be clearly resolved from the “normal” i.e. healthy plant

situation and (2) the development of advanced physical sensors which can detect

the identified markers. For (1), techniques for rapid collection of airborne and

aqueous-derived volatiles from plant are already well established. However, the

complex nature and high variability of plant chemical profiles, implies that insect

marker detection through direct comparison of profiles from “healthy” and

“infested” individuals is a challenge that needs to be overcome. For (2), any

potential detector system that will be employed will have to be able to ‘see’ the

chemical markers, once they have been identified, effectively through extraneous

material not related directly to the specific disease to be detected. A number of

physical devices have been devised in an attempt to satisfy this need. Biosensors for

detection of pathogen infection and insect infestations via detection of induced

plant volatiles have been reported (e.g. Schultz et al. 1996). These include a system

for detecting fungal-infected plants (Schultz et al. 1999) and beetle-damaged plants

(Schultz et al. 2000).

For a greater understanding of plant–insect interactions, the chemical sciences

community has to link in much more with expertise in other scientific disciplines,

including plant biology, biochemistry and molecular biology, insect behaviour,

neurophysiology, morphology and molecular biology. A specific opportunity

includes exploiting the growing field of chemical genetics, whereby molecular

probes can be designed and exploited to study gene expression in plant systems,

particularly for genomically-sequenced plants that can be used in plant–insect-

interactions studies. There is also an opportunity to study the olfactory mechani-

sms underlying the interaction between insects and their host plants (Pickett et al.

2009), specifically the design of molecular probes to study the “chemical space”

surrounding antennal perception of plant VOCs. Finally, an understanding of the

mechanisms underlying plant “perception” of plant activators (including phyto-

pheromones) and insect-derived elicitors is an area which will also be explored

in more depth, again using molecular probes (e.g. Schuler et al. 1999). Alongside
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these opportunities will be continuing work to identify elicitors of plant defence

from other insect classes.

In summary, the chemical sciences have a central role in the understanding

of plant–insect interactions, by providing approaches for the collection, analysis

and synthesis of plant natural products, and appear to continue to do so for the

foreseeable future.
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Plant Defense Signaling from the

Underground Primes Aboveground Defenses

to Confer Enhanced Resistance

in a Cost-Efficient Manner

Marieke Van Hulten, Jurriaan Ton, Corné M.J. Pieterse,

and Saskia C.M. Van Wees

Abstract Plants can be induced to develop below and aboveground enhanced

resistance to pathogens and herbivorous insects by root-colonizing beneficial

micro-organisms. The resistance induced is broad-spectrum and can be long lasting.

The enhanced resistance is based at least partially on priming of defense responses,

leading to a more rapid or more intense mobilization of defense responses upon

encounter with harmful organisms. Several molecular players in local and systemic

tissues of plants treated with resistance-inducing microbes have been identified and

are reviewed in this chapter. We also discuss the ecological consequences of

expression of induced resistance through a primed defense response.

1 Introduction

Below the soil surface, interactions between plants and microbes take place. Plant

roots are quickly colonized by members of the indigenous microflora. Colonization

by pathogens could have deleterious effects on the plant, but interactions between

plants and microbes can also be advantageous for both the plant and the microbe. A

well-known example of symbiosis between plants and soil-borne micro-organisms

is that between plants and arbuscular mycorrhizal fungi, where the fungus aids the

plant in the uptake of water and mineral nutrients such as phosphate by enhancing

its absorbance surface through the fungal mycelium, while the plant provides

carbohydrates to the fungus (Harrison 2005). Another classical example of symbi-

osis is the interaction between legume plants and Rhizobium spp. bacteria, in which

the bacteria induce the formation of root nodules where they fix atmospheric

nitrogen to convert it into organic nitrogenous compounds that become available
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for the plant, while the bacteria obtain various organic photosynthetic compounds

from the plant (Spaink 2000). Plant growth-promoting rhizobacteria (PGPR)

form yet another class of beneficial soil-borne micro-organisms. PGPR such as

Pseudomonas spp. and Baccilus spp. colonize the rhizosphere, where they live off

nutrients exuded by plant roots. They can improve plant growth either directly by

augmenting photosynthesis (Zhang et al. 2008) or indirectly by suppressing plant

diseases (Van Loon et al. 1998; Bloemberg and Lugtenberg 2001). Disease sup-

pression can be established through direct effects on soil-borne pathogens, such as

competition for nutrients or secretion of toxic compounds (Van Loon et al. 1998;

Weller et al. 2002; De Bruijn et al. 2007). However, root colonization by PGPR was

also documented to suppress diseases caused by foliar pathogens in aboveground

tissue (Kloepper et al. 2004; Van Loon and Bakker 2006; Van Wees et al. 2008).

This plant-mediated effect of PGPR on pathogens is dependent on activation of the

host’s immune response and is commonly referred to as induced systemic resistance

(ISR; Van Loon 2000). In addition to PGPR, soil-borne beneficial fungi can also

trigger an ISR response in plants – for instance, plant growth-promoting fungi

(PGPF) that include members of Trichoderma spp. (De Meyer et al. 1998; Harman

et al. 2004; Shoresh et al. 2005; Vinale et al. 2008; Segarra et al. 2009) and

Piriformospora spp. (Waller et al. 2005). Moreover, mycorrhizal association has

also been reported to protect systemic plant tissues (Pozo and Azcón-Aguilar 2007).

Here, the molecular mechanisms of ISR triggered by PGPR are reviewed in light

of the ecological perspective of the costs and benefits that are associated with plant

defense.

2 Perception of PGPR by the Plant

Typically, ISR is effective against a broad range of taxonomically different patho-

gens (Van Loon et al. 1998; Van Wees et al. 2008) and also against herbivorous

insects (Zehnder et al. 2001; Van Oosten et al. 2008). ISR induction is dependent on

the combination of the plant and the beneficial micro-organism. PGPR strains that

induce ISR in one species may not do so in another species and vice versa,

suggesting host specificity in PGPR detection. For example, Pseudomonas putida
WCS358 induces ISR in Arabidopsis (Arabidopsis thaliana), but not in its closely

related crop relative radish (Van Peer et al. 1991; Van Peer and Schippers 1992;

Leeman et al. 1995; Van Wees et al. 1997). Conversely, Pseudomonas fluorescens
WCS374 is capable of inducing ISR in radish but not in Arabidopsis (Leeman et al.

1995; Van Wees et al. 1997).

The establishment of a symbiotic interaction requires a complex dialog between

the plant and the micro-organism. The plant can detect microbe-associated molec-

ular patterns (MAMPs) of beneficial micro-organisms, such as flagellin and lipo-

polysaccharides (LPS), which is in analogy to the detection of pathogen-associated

molecular patterns (PAMPs) of pathogenic microbes (N€urnberger et al. 2004).

In support of this, purified flagellin and LPS of beneficial rhizobacteria are reported

44 M. Van Hulten et al.



to elicit ISR. That bacterial mutants lacking one of these determinants are still

capable of protecting plants suggests that multiple MAMPs are involved in the

induction of ISR (Bakker et al. 2007). However, while PAMP detection triggers a

primary defense response in plants, called PAMP-triggered immunity (PTI), which

keeps nonadapted pathogens at bay (Jones and Dangl 2006; Schwessinger and

Zipfel 2008), perception of beneficial microbes does not trigger such a substantial

defense response (Verhagen et al. 2004; Van Wees et al. 2008), or to a much lesser

extent (Liu et al. 2007), and the benefactor remains accommodated by the plant.

3 ISR Signal Transduction

ISR induced by several beneficial Pseudomonas strains was shown to function

independent of the plant defense hormone salicylic acid (SA; Pieterse et al. 1996).

This is in contrast to another well-studied form of systemically induced resistance,

namely systemic acquired resistance (SAR), which is triggered upon infection by

pathogens (Durrant and Dong 2004). However, the use of signaling mutants indi-

cated that components of the signaling pathways controlled by the hormones

jasmonic acid (JA) and ethylene (ET) response are required for ISR (Pieterse et al.

1998; Van Wees et al. 2008). This indicates that distinct signaling cascades underlie

each form of systemically induced resistance. Concordantly, SAR is predominantly

effective against biotrophic pathogens that are resisted through SA-dependent

defenses, while ISR is most efficient against necrotrophic pathogens and insects

(Fig. 1), which are susceptible to JA-dependent defenses. For instance, SAR was

shown to protect Arabidopsis plants against turnip crinckle virus in Arabidopsis,
while ISR did not (Ton et al. 2002). Conversely, ISR induced by P. fluorescens
WCS417 was shown to be effective in Arabidopsis against the necrotrophic patho-
gens Alternaria brassicicola (Ton et al. 2002), Botrytis cinerea (Van der Ent et al.

2008), and Plectosphaerella cucumerina (Segarra et al. 2009), while pathogen-

induced SAR was not. ISR was reported to be effective against Spodoptora exigua,
a generalist herbivore on Arabidopsis; SAR could also induce resistance against this

insect (Van Oosten et al. 2008). Both ISR and SAR led to protection against the

biotrophic oomycete Hyaloperonospora arabidopsidis and the (hemi-)biotroph

Pseudomonas syringae (Ton et al. 2002). However, this resistance was shown to

be accomplished through activation of distinct signaling pathways in SAR and ISR

(Cao et al. 1994; Lawton et al. 1995; Pieterse et al. 1998; Van Wees et al. 1999,

2000; Van der Ent et al. 2009b). In agreement with this, SAR and ISR have been

shown to have an additive effect on the level of induced resistance against

P. syringae (Van Wees et al. 2000). For multiple plant–benefical microbe interac-

tions, the involvement of JA and/or ET signaling components has been reported,

indicating that ISR signaling is the common route to induce systemic resistance

(Van Wees et al. 2008). However, several examples of PGPR and PGPF that trigger

SA-dependent SAR signaling leading to enhanced systemic resistance have been

documented as well (Van Loon and Bakker 2005; Van Wees et al. 2008).
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Microarray analysis of Arabidopsis root tissue identified a differential expres-

sion of 94 genes during rhizosphere colonization by P. fluorescens WCS417

(Verhagen et al. 2004). One of these genes was the R2R3-MYB-like transcription

factor (TF) gene MYB72 (Verhagen et al. 2004). Interestingly, myb72 knockout

mutants were incapable of mounting ISR, indicating that local MYB72 induction is

required for ISR (Van der Ent et al. 2008; Fig. 1). Interestingly, in Arabidopsis,
MYB72 is also essential for the induction of ISR by the beneficial fungus Trichoderma
asperellum T34 (Segarra et al. 2009), suggesting a regulating role for MYB72 in the

induction of ISR by taxonomically different organisms. MYB72 may be an early

point of convergence in ISR signaling elicited by different MAMPs (Segarra et al.

2009). MYB72 overexpressors do not show enhanced levels of disease resistance

(Van der Ent et al. 2008), indicating that althoughMYB72 induction is required, it is

P. syringae

P. cucumerina

X. campestris
H. arabidopsidis

A. brassicicola

B. cinerea

S.exigua

P. fluorescens

F. oxysporum

MYC2

MYB72

NPR1

Priming

JA/ET genes callose
deposition

MYB72

EIL3

ET

Fig. 1 Spectrum of effectiveness of Pseudomonas fluorescens WCS417-mediated ISR in Arabi-

dopsis. ISR induced by the beneficial rhizobacterium P. fluorescens WCS417 is effective against

the hemibiotrophic bacterial pathogens Pseudomonas syringae (Pieterse et al. 1996) and Xantho-
monas campestris (Ton et al. 2002), the biotrophic oomycete Hyaloperonospora arabidopsidis
(Ton et al. 2002), the necrotrophic fungal pathogens Alternaria brassicicola (Ton et al. 2002),

Botrytis cinerea (Van der Ent et al. 2008) and Plectosphaerella cucumerina (Segarra et al. 2009),

the fungal root pathogen Fusarium oxysporum (Van Wees et al. 1997), and the insect herbivore

Spodoptora exigua (Van Oosten et al. 2008). The TFMYB72 is involved in ISR locally in the roots

(formation or translocation of the ISR signal; Van der Ent et al. 2008) and the TF MYC2 is

required for the priming response in systemic ISR-expressing tissue (Pozo et al. 2008). Adapted

from Van Wees et al. (2008)
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not sufficient for ISR induction, suggesting the involvement of an additional signal.

It was demonstrated that MYB72 binds to the ETHYLENE INSENSITIVE3-LIKE

(EIL3) TF in vitro, linking MYB72 function to the ET response pathway. In this

respect it is noteworthy that the Arabidopsis ethylene insensitive root 1 (eir1)
mutant, which is insensitive to ET in the roots but not in the shoot (Roman et al.

1995), is incapable of mounting an ISR response after root colonization by

WCS417r, while leaf infiltration with WCS417r still triggered ISR in this mutant

(Knoester et al. 1999). These results indicate that ISR requires an intact ET

responsiveness at the site of elicitation (Knoester et al. 1999).

While most SA signaling mutants of Arabidopsis are still able to express

beneficial microbe-induced ISR, the SA-nonresponsive mutant npr1 (nonexpressor
of PR genes 1; Cao et al. 1994; Delaney et al. 1995; Shah et al. 1997) of Arabidopsis
is disturbed in WCS417-ISR (Pieterse et al. 1998). SA triggers the reduction of

inactive NPR1 oligomers into active monomers, which subsequently translocate to

the nucleus (Mou et al. 2003). In the nucleus NPR1 can interact with different TFs

to regulate the expression of downstream genes, like PR-1 (Fan and Dong 2002;

Wang et al. 2006). NPR1 functions in the ISR signal transduction pathway likely

downstream of the JA- and ET-dependency and does not activate PR gene expres-

sion (Pieterse et al. 1998). Evidence is accumulating that the role of NPR1 in ISR is

connected to a cytosolic function of NPR1 (Stein et al. 2008), which is in line with a

role of NPR1 in the cytosol in cross-talk between SA and JA signaling (Spoel et al.

2003; Leon-Reyes et al. 2009). Several examples of NPR1-dependency of ISR

triggered by PGPR and PGPF in different plant species have been documented

(Van der Ent et al. 2009a).

4 Priming for Enhanced Defense

Large-scale transcriptome analysis of ISR-expressing leaves in plants of which the

roots were treated with WCS417 or other beneficial microbes revealed that there is

no or only a weak direct induction of gene expression in systemic tissue (Verhagen

et al. 2004; Liu et al. 2007; Van Wees et al. 2008). However, subsequent infection

with a pathogen led to an augmented expression of a large number of genes in

ISR expressing plants compared to control plants (Van Wees et al. 1999; Verhagen

et al. 2004; Ahn et al. 2007; Cartieaux et al. 2008). In analogy to a similar

phenomenon in animals, the enhanced defensive capacity without direct induction

of defense responses in the absence of pathogens is called priming (Conrath et al.

2002, 2006). The set of genes that showed WCS417-primed induction after

P. syringae infection of Arabidopsis was particularly enriched in JA/ET-regulated

genes (Verhagen et al. 2004) that are responsive to JA/ET-inducing pathogens

and insects, like P. syringae, A. brassicicola, Pieris rapae, and Frankliniella
occidentalis (De Vos et al. 2005; Van der Ent et al. 2009a). Indeed, WCS417-ISR

against the bacterial pathogen P. syringae and the insect Spodoptera exigua is

associated with primed expression of the JA/ET-dependent genes VSP2 and
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PDF1.2, respectively (Van Wees et al. 1999; Hase et al. 2003; Pozo et al. 2008;

Van Oosten et al. 2008). The specific priming of JA/ET-dependent defense

responses during WCS417-mediated ISR fits with the dependency of ISR on

JA/ET-dependent signaling pathways (Pieterse et al. 1998). Recently, Pozo et al.

(2008) found an overrepresentation of MYC2 TF binding sites in the promoters of

priming-responsive genes in ISR-expressing plants. MYC2 is a well-known player

in JA-regulated signaling (Lorenzo et al. 2004). Mutant jin1 which is impaired

in MYC2 was incapable of mounting WCS417-ISR against P. syringae and

H. arabidopsidis, indicating a central role for the MYC2 TF in WCS417-ISR

(Pozo et al. 2008; Fig. 1). Also ISR induced by the beneficial fungus Piriformospora
indica against Golovinomyces orontii in Arabidopsis was demonstrated to depend on

MYC2 (Stein et al. 2008), supporting a role for MYC2 as an important regulator of

priming during ISR induced by different microbes.

Besides priming of certain JA/ET-dependent responses, WCS417 also primes

the plant to reinforce the cell wall at the site of pathogen attack. An enhanced

deposition of callose-rich papillae is observed upon infection by the oomycete

H. arabidopsidis in WCS417-pretreated plants (Van der Ent et al. 2008). In

addition to forming a physical barrier for pathogen penetration, callose depositions

are also considered to be a matrix for the accumulation of defense compounds such

as H2O2, phenolics, and various proteins and glycoproteins with hydrolytic and

antifungal properties (Zeyen et al. 2002). Priming for enhanced deposition of

callose-containing papillae during WCS417-ISR in Arabidopsis is dependent on

the ISR regulators MYB72, NPR1, and MYC2 (Pozo et al. 2008; Van der Ent et al.

2008, 2009b). Moreover, this ISR response is dependent on the phosphoinositide

(PtdIns)- and abscisic acid (ABA)-dependent signaling components IBS2 and

IBS3 (Van der Ent et al. 2009b), which were previously identified to be required

for primed callose deposition induced by the priming agent b-aminobutyric

acid (BABA; Zimmerli et al. 2001; Van der Ent et al. 2009b).

Priming of defense responses is also characteristic of other induced resistance

phenomena. For instance, mycorrhizal fungi can prime plants for enhanced

JA-regulated defense activation (Pozo and Azcón-Aguilar 2007). Insect herbivory

can prime plants for a faster and stronger defense response to subsequent stresses in

both systemic tissue (De Vos et al. 2006) and in neighboring plants by means of the

production of volatile organic compounds (Engelberth et al. 2004; Ton et al. 2007).

Although pathogen-induced SAR is accompanied by a large-scale transcriptional

reprogramming of the cell (Maleck et al. 2000) and direct accumulation of PR proteins

(Van Loon 1997), priming of certain defense responses also occurs during SAR

(Cameron et al. 1999; Van Wees et al. 1999). While some PR proteins are thought

to contribute to resistance because several of them possess antimicrobial activity (Van

Loon and Van Strien 1999; Van Loon et al. 2006), direct activation of these PR genes

alone seems not sufficient to explain the broad range of protection (Van Loon 1997).

The fact that priming can be induced in various ways and has been observed in

different plant species ranging frommonocots to dicots, conferring protection against

a wide variety of pathogens, insects, and abiotic stresses (Conrath et al. 2006) suggests

that priming appears to be a common feature of the plant’s immune system.
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5 Mechanisms of Priming of Defense Responses

Although plants do not possess an adaptive immune system, priming may be

considered as a form of immunological memory in plants. The molecular mechan-

isms underlying priming are the subject of research by us and other scientists. Since

defense genes are not activated directly in primed plants, it was hypothesized that

the primed state is based on accumulation or posttranslational modification of

signal molecules that remain inactive until a subsequent stress stimulus is perceived

(Conrath et al. 2006). Due to the enhanced level of signaling components,

subsequent pathogen attack would lead to an increased activation of the appropriate

defense pathway and thus to a potentiated activation of defense-related genes. TFs

are plausible candidates to contribute to the onset of priming. Using reverse

transcription quantitative polymerase chain reaction (RTq-PCR) technology, Van

der Ent et al. (2009b) recently analyzed the expression of all putative Arabidopis TF
genes during WCS417-ISR. The expression of 121 different types of TF genes was

induced or repressed, including induction of theMYC2 gene, which had previously

been identified as a player in priming during ISR (Pozo et al. 2008). Interestingly,

the AP2/ERF (APETALA2/ETHYLENE-RESPONSIVE FACTORS) TF family

was notably overrepresented among the upregulated TFs in ISR-expressing plants.

MYC2 and several AP2/ERF TFs are implicated in the regulation of JA/ET-

dependent defenses (Lorenzo and Solano 2005; Pré et al. 2008).

Also priming induced by the nonprotein amino acid BABA is accompanied by

direct upregulation of TF genes (Van der Ent et al. 2009b). However, while several

TFs that had previously been implied in regulation of JA/ET-dependent signal

transduction pathways were upregulated during ISR, pretreatment with BABA

induced the expression of 22 out of the 72 known WRKY genes in the Arabidopsis
genome (Van der Ent et al. 2009b). WRKY TF genes have previously been

implicated in the regulation of several SA-dependent defense-related genes (Dong

et al. 2003). The BABA-responsiveness of a subset of the SA-regulated WRKYs is

in agreement with BABA-induced priming of SA-dependent defenses (Zimmerli

et al. 2000). WCS417- and BABA-induced priming is associated with induced

expression of divergent sets of TF genes, which are in accordance with the defense

responses that are primed by these inducers. However, the exact role of the priming-

related TFs in the regulation of priming remains to be elucidated. Transcriptome

analyses of pathogen-induced SAR expressing tissue demonstrated that TF genes

are induced (Maleck et al. 2000; Wang et al. 2006), but it is unknown whether this is

related to priming or to direct induction of defense responses.

There is no significant activation of defense-related genes during priming

induced by treatment with WCS417 or BABA, which suggests that the accumulat-

ing TFs remain inactive until the perception of a subsequent stress signal. One way

to activate TFs posttranslationally is via phosphorylation. For instance, phosphory-

lation of a bZIP TF is crucial for abscicic acid (ABA)-induced transcriptional

activity (Kagaya et al. 2002). Interestingly, mitogen activated protein kinases

(MPKs), which can phosphorylate proteins, were also recently shown to be primed
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by low concentrations of the SA analog benzothiadiazole (BTH; Beckers et al.

2009). Inactive MPK3 and MPK6 proteins accumulated in response to BTH and

only subsequent exposure to pathogens led to activation of these primed MPKs

(Beckers et al. 2009). Epigenetic regulation forms another possible mechanism for

the priming phenomenon (Bruce et al. 2007). An altered methylation status or

modification of nucleosomal histones could ensure a more accessible chromatin

structure for activation of TF genes or defense-related genes, which could facilitate

a quicker or more potent transcriptional response to subsequent pathogen attack.

The SA-dependent SAR response is documented to be associated with epigenetic

regulation as well (Mosher et al. 2006). Recently, Jung et al. (2009) discovered that

the metabolite azeleic acid seems an important signal molecule in the establishment

of pathogen-induced SAR. Azeleic acid is translocated in the vascular sap from

local pathogen-infected tissue to systemic tissue. Application of azeleic acid con-

fers enhanced disease resistance in Arabidopsis which is associated with priming

for enhanced accumulation of SA upon pathogen challenge (Jung et al. 2009).

6 Costs of Induced Defenses

While some defense compounds are constitutively present such as toxic compounds

that form a pre-existing chemical barrier against pathogens (Osbourn 1996), others

are expressed only upon attack by a pathogen or herbivore. The inducible responses

can be subjected to priming. Two prominent hypotheses have been proposed to

explain the spatial and temporal variation in plant defense. These are the optimal

defense theory (ODT), which predicts that plant parts with high fitness value will be

highly defended, and the growth-differentiation balance hypothesis (GDBH), which

assumes that a balance must be maintained between resources used for growth and

defense (Barto and Cipollini 2005). It is assumed that inducible defenses are too

costly to be expressed constitutively under enemy free conditions. In agreement

with this, the constitutive SA-dependent defense expressing Arabidopsis mutant

cpr1 (constitutive expressor of PR genes 1) is severely compromised in growth

and seed production compared to wild-type plants (Bowling et al. 1994; Heidel

et al. 2004; Van Hulten et al. 2006). This indicates a severe fitness penalty for

the constitutive expression of SA-inducible defenses, which may explain why

SA-dependent defenses are not expressed constitutively (Bowling et al. 1994;

Heidel et al. 2004). In agreement with this, Heidel et al. (2004) observed that

cpr1 also displays a decreased fitness under field conditions, in spite of its enhanced
resistance. Interestingly, in the same field experiment, SA-insensitive npr1 mutants

that are defected in plant defense exhibited a decreased fitness as well, suggesting

that there is a delicate balance between the costs and the benefits of inducible plant

defense. Mutants that constitutively express JA- and ET-dependent defenses, such

as cev1 (constitutive expression of VSP1), also exhibit undersized measures (Ellis

and Turner 2001). Moreover, several studies have demonstrated a fitness reduction

upon direct induction of defenses by exogenous application of SA or (Me)JA

50 M. Van Hulten et al.



(Baldwin 1998; Agrawal et al. 1999; Heil et al. 2000; Van Dam and Baldwin 2001;

Cipollini 2002; Heidel et al. 2004).

Fitness costs can arise from various processes (Heil 2002; Heil and Baldwin

2002; Walters and Heil 2007). Allocation costs occur when limited resources are

allocated to resistance traits and not to growth and reproduction. In agreement with

this, several studies have reported that photosynthesis is repressed during pathogen

infection, presumably to free resources needed for defense (Berger et al. 2007). One

can predict that plants experience more costs of defense-related traits under low-

nutrient conditions. Conversely, resistance levels may be impaired due to limiting

resources. Both predictions have been empirically confirmed (Cipollini 2002;

Dietrich et al. 2004, 2005).

Ecological costs occur when defense expression affects other organisms besides

the challenging pathogen. Activation of certain defenses may for instance have a

negative effect on interactions with plant-beneficial organisms, such as mycorrhizal

fungi (Glandorf et al. 1997). Moreover, resistance against one pathogen may result

in enhanced susceptibility to another pathogen or insect. There is ample evidence

of cross communication between the SA and JA/ET defense pathways, which

can act both synergistically or antagonistically (Reymond and Farmer 1998;

Rojo et al. 2003; Bostock 2005; Beckers and Spoel 2006; Koornneef and Pieterse

2008; Pieterse et al. 2009). For instance, Spoel et al. (2007) recently showed that

SA-mediated defenses triggered in Arabidopsis upon infection with P. syringae
rendered the infected tissue more susceptible to A. brassicicola. Pathway crosstalk

is thought to be a mechanism for fine-tuning defense responses by prioritizing

which defensive strategy to employ to cope with the different organisms that

(simultaneously) interact with the plant. Koornneef et al. (2008) demonstrated

that timing of elicitation of SA and JA signaling pathways is crucial for determining

which defense pathway to prioritize, suggesting that there is a window of opportu-

nity during which JA- and SA-regulated defense responses can have cross-effects

on organisms other than the attacker. Therefore, laboratory studies that concentrate

on single plant-attacker combinations may not take all ecological costs into

account. The challenge lies in unraveling the costs of defense mechanisms in a

multitrophic environment, such as appears in nature.

7 Fitness Benefits of Priming Under Disease Pressure

While the inducibility of defenses may save resources under enemy-free conditions

compared to constitutive activation of defenses, it also causes a time slot between

attack and the expression of inducible defenses in which the plant is vulnerable to

the attacker. Priming may be a mechanism to ease the trade-off dilemma between

costly defense activation and effective protection against harmful organisms

(Goellner and Conrath 2008), since primed plants do not activate defenses directly

upon induction treatment but activate their defenses faster and stronger when

subsequently attacked by pathogens or insects (Conrath et al. 2002, 2006).
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Most studies on the costs and benefits of plant defense have concentrated on direct

activation of defenses, rather than on priming. Moreover, putative benefits of

defenses under disease pressure were often not taken into account (Walters and

Boyle 2005). We recently demonstrated in Arabidopsis that priming induced by

BABA has clear benefits under conditions of disease pressure (Van Hulten et al.

2006). In the absence of pathogens, priming had no or only marginal effect on the

relative growth rate (RGR) and seed production of the plant, whereas therewere large

effects when defenses were directly activated. In the presence of pathogens, a clear

fitness advantage was observed for primed plants over non-primed plants and also

over plants in which defenses were activated already before pathogen challenge (Van

Hulten et al. 2006). These results clearly indicate that under conditions of disease

pressure, the benefits of priming outweigh the costs. In agreement with our study,

Walters et al. (2009) recently demonstrated in barley (Hordeum vulgare) that

priming induced by saccharin, a metabolite of the synthetic SAR-inducer probena-

zole, had no significant effect on plant growth rate and grain yield in the absence of

pathogen infection. However, priming significantly increased plant fitness under high

inoculum pressure by the hemibiotrophic fungus Rhynchosporium secalis. To take

unforeseen ecological costs into account, putative fitness costs of saccharin treatment

under natural conditions were also evaluated in a field study. Saccharin treatment

increased grain yield slightly but not significantly compared to untreated controls,

indicating that priming for enhanced defense responses induced by saccharin did

not incur allocation costs in barley under field conditions (Walters et al. 2009).

The studies of Van Hulten et al. (2006) and Walters et al. (2009) are the only

ones to date that describe the fitness costs and fitness benefits associated with

priming of defense. In these studies priming had been induced either chemically

or genetically by the edr1 mutation, which affects a MPKKK (MPK kinase kinase)

that is a negative regulator of SA-inducible defense responses in Arabidopsis (Frye

and Innes 1998; Frye et al. 2001). No study has yet been designed to elucidate

fitness effects of ecologically more relevant induction of priming, like that induced

by beneficial micro-organisms. However, Raupach and Kloepper (1998) reported

that in two field trials, conducted in separate years, seed treatment of cucumber with

PGPR Baccilus spp. increased plant growth and reduced disease severity against

different pathogens. In another field study, Bacillus pretreatment protected cucum-

ber plants from cucumber beetles and the beetle-transmittable bacterial wilt disease

(Zehnder et al. 2001). This was accompanied by significant yield increases. Also

field-grown tomato plants were protected by Baccilus spp. against the cucumber

mosaic virus and tomato mottle virus, which was associated with increased plant

yield compared to untreated plants (Zehnder et al. 2001). An increase in yield was

not observed during a similar field trial conducted in the consecutive cropping

season, but viral titers were also not affected by the bacteria in this second year

(Zehnder et al. 2001). These results demonstrate fitness benefits for plants that

interact with PGPR. These interactions do not seem to incur costs on the plant.

Although the priming phenomenon was not the emphasis of these studies, priming

is often found to be the underlying mechanism of systemic plant protection by

PGPR (Van Wees et al. 2008; Van der Ent et al. 2009a).
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8 To What Extent are Plants in the Field Already Primed?

Priming has predominantly been studied under tightly controlled growth conditions

with optimum temperature, light intensity, humidity, and nutrient availability for

plant growth. In natural environments the above mentioned parameters could be

less favorable for the plant. Furthermore, in nature plants interact with many

organisms, such as pathogens, herbivores, other plants, and beneficial micro-

organisms (Pieterse and Dicke 2007). All these parameters may exert an effect on

the plant and consequently on the priming response. Conversely, under natural

conditions the priming response may have different effects on plant fitness or the

plant’s ability to respond to stresses than under controlled conditions, because of

the different environment of the plant. This way, effects of priming may become

apparent that would not be detected under controlled greenhouse conditions. Stud-

ies on the fitness consequences of plants that exhibit a primed defense state in the

field will be instrumental to better understand the ecological impact of priming of

defense responses. In earlier studies priming-inducing agents have shown to protect

plants in the field (Beckers and Conrath 2007; Goellner and Conrath 2008).

However, in these studies, the primed state was not verified, which is crucial to

impute any protective effect of the agents to a primed state because most chemical

priming agents can also activate defenses directly when applied at higher doses

(Kohler et al. 2002; Van Hulten et al. 2006). Therefore, from these field studies, it

cannot be concluded that the induced protection is caused by priming because

contribution of direct activation of defenses can not be excluded. Also in field

studies with PGPR and PGPF that can induce resistance through priming of

defenses, additional protective mechanisms can not be excluded because many of

these beneficials are capable of exerting direct effects on pathogenic organisms

through competition for nutrients or production of antibiotics.

Since priming can be induced by a plethora of organisms, whether beneficial or

harmful, it is possible that plants in the field are already primed to some extent

through their continual interaction with the biotic (and abiotic) environment. Walters

(2009) recently suggested that in several published field studies, defenses had already

been induced in plants to some extent prior to induction treatment. For example,

treatment of field-grown wheat with BTH, a functional analog of SA, did not induce

SAR-related genes, which may be due to the already high expression levels of these

genes before treatment (Pasquer et al. 2005). However, Herman et al. (2007) reported

that tomato plants in the field responded to treatment with ASM, a functional analog

of SA, with significant induction of defense-related gene expression, despite their

enhanced basal level of expression in the field compared to in the greenhouse.

Moreover, a second treatment with ASM resulted in a significantly stronger expres-

sion response relative to non-pretreated plants. This latter finding implies that

although plants may be already primed, this does not compromise their ability to

express even higher levels of induced resistance upon subsequent induction.

Priming of defense responses is an inducible phenomenon, indicating that by

default the plant is in a noninduced or nonprimed physiological state. It would be
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interesting to investigate whether plants that grow in their natural habitat, in which

they coevolved with indigenous micro-organisms and are well adapted to the local

environment, have naturally acquired the primed state. For this purpose, proper

controls need to be included (e.g., mutant plants that are affected in priming only)

and markers strictly correlated with priming should be assessed. These tools are not

known at the moment.

9 Outlook

In recent years, knowledge on resistance induced by beneficial root-colonizing

microbes has greatly expanded. There is ever-growing information available on

microbes with resistance-inducing activity, plant species that are perceptive to

resistance-inducing microbes, and pathogens/insects to which the induced resis-

tance is effective. The picture is emerging that the plant defense signaling pathway

that is triggered by ISR-inducing beneficials depends on responsiveness to the plant

hormones JA and ET. ISR is not accompanied by massive changes in gene

expression. Instead, ISR is established through priming the plant for enhanced

defense responses upon encountering a pathogen or insect. Priming seems to be a

cost-efficient defense mechanism. Hence, beneficial microbes-induced priming

may be an ecologically relevant feature of plants.

Priming by benefical microbes may be a valuable tool for sustainable crop

protection. For effective use of priming agents in agriculture, it is critical to

investigate whether and to what extent the specific crops in the field may be already

primed by their interacting environment and whether this could be further enhanced

by application of priming agents. However, the fact that JA-dependent ISR and

SA-dependent SAR can have additive effects (Van Wees et al. 2000) implies that

different defense pathways can be primed simultaneously, leaving room for

enhancement of naturally primed defenses. PGPR can present an attractive alterna-

tive to chemical pesticides for protection against pathogens and insects. A major

advantage of PGPR is that once systemic resistance is induced, the natural defense

mechanisms of the plant are operative for prolonged periods (Van Loon et al. 1998).

However, complete disease control is rarely provided by resistance-inducing

agents. Research aimed at determining the factors that influence the success rate

of the PGPR is necessary for broad implementation of biocontrol agents that

consistently provide acceptable levels of disease control in crop protection pro-

grams. Besides inducing of resistance PGPR can also directly control soil-borne

pathogens, through competition of nutrients or production of antibiotics. Therefore,

(a combination of) PGPR strains that can protect plants through different mechan-

isms are ideally suited to confer consistent, long-lasting protection of crops against

various diseases and pests. Mixtures of PGPR strains have indeed been shown to

enhance biological control in cucumber and radish against different pathogens

compared to the effect of single treatments (Raupach and Kloepper 1998; De

Boer et al. 2003).
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Allelopathy and Exotic Plant Invasion

Amutha Sampath Kumar and Harsh P. Bais

Abstract Biologists have long searched for an explanation as to why some plant

invaders become much more dominant in their naturalized range than in their native

range, and, accordingly, several nonexclusive hypotheses have been proposed.

Plants are unparalleled factories for the production of diverse biochemicals, and

allelochemistry has recently re-emerged as a possible mechanism for the success of

some invasive plants. The idea is that some invaders may succeed because they

possess unique allelopathic biochemistry to which naı̈ve natives have not adapted.

Indeed, there are a number of studies that support this hypothesis. In this chapter,

we revise and expand this biochemical hypothesis and discuss experimental and

conceptual advances and limitations.

1 Introduction

Allelopathy “is the phytotoxicity of a compound or a group of compounds released

from plant part by leaching, root exudation, volatilization, or residue decomposition

to susceptible plants” (Inderjit et al. 2006). In terms of diversity, they encompass a

wide range of compounds that vary in their chemical structure, concentration, and

localization in the plants, tissues, and between species, which are all linked to the

changes in the biotic and abiotic conditions (Inderjit and Duke 2003). Allelochemicals

predominantly organic in its form can be highly selective in their influence or may

include a broad target range. Allelopathy plays a pivotal role in understanding the

mechanism of exotic plant invasion in naı̈ve communities and has been studied in
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copious number of plants. This chapter enumerates how novel biochemicals drive

exotic invasion around the world and explains how biochemicals along with the soil

microorganisms have expanded our knowledge of success in some of the invasive

plants.

2 Allelopathy and Exotic Plant Invasion

Exotic plant invasion has long been a poorly understood ecological phenomenon

until several authors (Williams 1954; Elton 1958; Crawley 1987, 1997; Mack et al.

2000; Maron and Vilà 2001; Levine et al. 2002) proposed the “natural enemies

hypothesis”. Convincingly, this hypothesis explains the importance of natural

enemies hypothesis with several successful plant invasions (Wolfe 2002; Siemann

and Rogers 2003; Reinhart et al. 2003; Callaway et al. 2004a, b; DeWalt et al. 2004;

Jakobs et al. 2004). However, sequential evidence supporting minimal effects of

natural enemies on invaders (Lesica and Hanna 2004), similar consumer based

effects on the natives and invaders (Beckstead and Parker 2003; Maron and Vilà

2001; Reinhart and Callaway 2004), and lack of relative population ecology studies

on the invaders in the invaded and the native range led to the dawn of the “novel

weapons hypothesis (NWH)”. The NWH “holds that some exotics transform from

native weaklings to invasive bullies by biosynthesizing biochemicals that are

allelopathic to plants or soil microbes in the invaded communities, but relatively

ineffective against natural neighbors that had adapted over time” (Callaway and

Ridenour 2004). Though a parallel concept “evolution of increased competitive

ability (EICA)” was also argued regarding the shedding off of costly traits used for

survival in the native range and more resource allocation for competitive advantage

in the new invaded range, the NWH addressed the concept of invasion of exotic

species and also the evolution of higher competitive ability.

Invasion of plants in the invaded communities is through the release of novel

phytochemicals called allelopathic compounds, which reduce the fitness of the

neighboring plants or are phytotoxic to the non-coevolved neighbors (Callaway

and Aschehoug 2000). Allelopathy can be either direct wherein the invading plants

release the alleochemicals that encourage the spread of the invader in the invaded

range or indirect which encompasses the soil microorganisms that mediate changes

affecting the ecosystem. Root-mediated allelopathy is often due to the enhanced

overall production of the root exudates when plants encounter stress conditions

such as UV exposure, drought, and temperature (Pramanik et al. 2000; Inderjit and

Weston 2003). The plant root exudates represent a fairly major input of plant-based

chemicals in the rhizosphere and therefore the large source of allelochemicals

(Bertin et al. 2003).

A well documented example of root-mediated allelopathy in an invasive plant

species is the exudation of racemic catechin by the spotted knapweed Centaurea
maculosa (Callaway et al. 1999; Callaway and Aschehoug 2000) in the invaded

North American range. One of the well characterized compound released from the
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roots through its rhizosphere is (�)-catechin (Bais et al. 2003; Ridenour et al. 2008;

Blair et al. 2005; Weir et al. 2006; Perry et al. 2005, 2007). Research indicates that

the invasiveness of C. maculosa is attributed to the stronger allelopathic effects on

the native North American species than on the related European species which is

one of the unquestionable aspects of the “NWH.” A parallel argument is that

C. maculosa plants from the invaded range are evolved to be better competitors

than the con-specifics from the European range which is paraphrased as “EICA”

(Inderjit et al. 2006; Thorpe et al. 2009). However He et al. (2009) argue that apart

from the competitive ability and evolution of the increased size that contributes to

the invasive success of C. maculosa in North America, it is the composition of the

plant community in every invaded region, i.e., biogeographic differences that are

the deciding factors contributing to the competitive effect of the C. maculosa.
Several authors have documented the phytotoxicity of (�)-catechin (Simões

et al. 2008); however, controversies surround the phytotoxicity at very high levels

(Blair et al. 2005; Furubayashi et al. 2007). Blair et al. (2005, 2006) and Duke et al.

(2009) maintained that catechin is an antioxidant and may not participate in the

oxidative stress. However, Kaushik et al. (2010) emphasize the decisive conditions

that have to be rigidly followed to evaluate the phytotoxicity studies involving

catechin. The authors have explained that catechin is indeed a ROS activator in

Arabidopsis and there was an up regulation of genes corresponding to cell death

(acd2 and cad1) and oxidative stress signaling pathways (Bais et al. 2003).

In addition, the authors have also proved the induction of the pro-oxidant activity

of catechin due to divalent transition metal ions in the growth medium.

Another known invasive weed that requires in depth study is Phragmites
australis, which invades marsh and wetland ecosystems in the North America,

especially in the eastern United States. Attempts to characterize the potent allelo-

chemical responsible for displacing native Spartina alterniflora in North America

revealed the phytotoxin gallic acid (3,4,5-trihydroxybenzoic acid) (Rudrappa et al.

2007, 2009). Acute rhizotoxicity of gallic acid was tested in A. thaliana, where
gallic acid triggered elevated levels of reactive oxygen species (ROS) in the roots,

leading to the ROS-mediated microtubule disruption, which was deduced as the

primary method of destruction to eliminate the native species in the invaded range

(Fig. 1). The sequential analysis of the putative allelochemical gallic acid on several

plant species revealed that it is indeed a potent broad-spectrum rhizotoxin. In a

concomitant report Bains et al. (2009) have sustained the phytotoxic nature of gallic

acid in the invasive P. australis.
A similar example of a wetland invasive plant that is considered to be a putative

source of allelochemicals is the narrow leaved cattail Typha augustifolia which is a
native European plant species that occurs as monocultures in the wetland ecosys-

tems in the US dominating the broad leaved cattail T. latifolia (Jarchow and Cook

2009).The root-mediated allelopathic effects in T. augustifolia were studied by

growing it along with the native North American bulrush (Bolboschoenus fluviatilis)
which is common in the wetland communities of North America. In the presence of

activated carbon (that adsorbs the exuded phytochemical) the bulrush showed

favorable growth responses (increase in the biomass, increase in the leaf length)
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as compared to those grown in the absence of activated carbon. The authors did not

track down the key ingredient involved in allelopathy but explained a variation in

the soluble phenolics in the roots of T. augustifolia and T. latifolia which in turn

affects the exudation of the allelopathic compounds in the wetlands. In the absence

of the carbon treatment, bulrush out-competed T. augustifolia (total biomass was

87% lower) indicating resource competition. It must not be forgotten that in

wetland ecosystem target phytochemicals have to reach sufficiently higher levels

to become allelopathic. The authors also speculate that mycorrhizal degradation of

the exuded phytochemical might have occurred in the natural ecosystem.

Volatile root leachates have been described as the primary weapon in the spread

of the bitou bush (Chrysanthemoides monilifera spp. Rotundata) in the New South

Wales coastline of Australia. This bush has been reported to suppress the germina-

tion of native plants including dominant Acacia longifolia var. sophorae. It was
identified by Ens et al. (2009) that the invasive bitou bush produces volatile

allelochemicals especially sesquiterpenes which were found to be in high

50 µM GAControl

Microtubule

Control 50 µM GA

ROS
a

dc

b

10 µm

10 µm 20 µm

10 µm

Fig. 1 Gallic acid (GA) a secreted phenolic acid from Phragmites australis triggers oxidative

stress response (a–b) in Arabidopsis thaliana roots which causes microtubule disruption (c–d)

leading to rhizotoxicity
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concentrations in the bitou bush dominated soils and exhibited phytotoxicity on the

native plants by diminishing seedling growth and establishment. Terpenes in

general play a significant role in the ecosystem function and composition. They

play a vital role in the plant defense against vertebrates, invertebrates, and

microbes. One major terpene identified in the bitou bush exudates was 5-hydro-

xycalamenene which constituted the bulk of the fraction analyzed and was a

phytotoxin when tested in the native sedge I. nodosa. It has been hypothesized

that the native plant species Acacia release alkanes, which are sources of carbon for
microbes, and that the absence of any of these alkanes in the bitou bush-dominated

soil may restructure the entire soil community, thereby nurturing the spread of the

exotic bitou bush in the Australian coastlines.

3 Allelopathy and Microbial Accomplices in Invasion

Soil microorganisms regulate multiple processes in the ecosystem (Wolfe and

Klironomos 2005) and plants widen their understanding with the soil micro biota

through the supply of resources that include leaf litter inputs, root exudates, and

deposition of organic compounds (Pivato et al. 2007). From the ecological perspec-

tive, soil biota have profound positive and negative effects on plants. The microbes

can either have a mutualistic relationship as in a root-fungal association or can be

responsible for driving vital nutrient cycles. In exchange, plants involve themselves

in a dynamic negative or positive feedback. The positive feedback constitutes

accumulation of the soil microbes such as mycorrhizal fungi and nitrogen fixers

in their roots that promote survival. On the contrary, plants encourage the growth

and accumulation of pathogenic microbes that inhibit survival (negative feedback)

(Callaway et al. 2004a, b).

The relevance of the microbes in exotic species invasion gained attention when

biologists insisted on conducting studies and impacts of the invaders in the home

range, i.e., biogeographical approach (Callaway et al. 2004a, b; Inderjit et al. 2008)

and evidence indicates that they have powerful effects on the invasions (Reinhart

and Callaway 2004). One of the causal reasons for variations in the allelopathic

effects is mainly due to the differences in the soil in different locations. (Inderjit

et al. 1996). Shifts in the soil pH, salinity, carbon and nitrogen content, and

moisture all contribute to the significant modification in the below ground commu-

nities (Ehrenfeld 2003).

Invasive species in the home land may have accumulated resident microbial

pathogens (negative feedback) and these species in the invaded range demonstrate

positive feedbacks. The influence of the microbes and the extent of their involve-

ment in allelopathy might differ, i.e., the released phytochemical might be toxic to

the plants at higher concentrations or can be reduced in its toxicity by the microbes.

In the second case, the released compound can be innocuous but the product after

degradation can be toxic (Inderjit and Dakshini 1999). The persistence of most of

the allelochemicals is dependent on factors such as retention, transport, and
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transformation in the soil before the allelochemicals can be actually phytotoxic to

the plants (Inderjit 2005). This in turn is dependent on the soil microflora, the type

of the allelochemical, and the substrate conditions. With an invader in the new

range, communication between aboveground and below ground, flora and fauna can

be disrupted transforming pre-established communities (Kisa et al. 2007). Under-

ground microbial input towards exotic plant invasion has been well studied in few

invading plant species. However, with regard to most of the invaders, the studies are

in a very preliminary stage of investigation. In most of the invading systems there is

a community effect, i.e., the causal organism was not identified. In the subsequent

pages the impact of microbes and their involvement in promoting allelopathy and

invasion are discussed.

The involvement of the allelochemicals in structuring the soil communities

has only been recently investigated. Bais et al. (2003) and recently Tharayil and

Triebwasser, (2010) showed that the spotted knapweed (C. maculosa) exuded

(�)-catechin. In another Centaurea species, C. diffusa (Eurasian diffuse knap-

weed), which invades many parts of western North America, 8-hydroxyquinoline

was identified as the potent allelochemical exuded from its roots (Vivanco et al.

2004; Tharayil et al. 2008). It is speculated that this allelochemical may cause a

shift in the soil microbial community (Callaway et al. 2004a, b) thus helping the

spread of this noxious invader. For both these Centaurea species the concentration

of their respective allelochemicals (�)-catechin and 8-hydroxyquinoline is twice as

high in the rhizosphere of the invasive plants than in the native plants.

Garlic mustard (Alliaria petiolata) is another exotic plant from Europe (garlic

mustard) which belongs to the family Brassicaceae known for the production of

glucosinolates (Wolfe and Klironomos 2005). The hydrolysis of these glucosino-

lates yielded allyl isothiocyanate, benzyl isothiocyanate, and glucotropaeolin,

which were proven to have allelopathic effects on certain plants. These compounds

enter the soil system through litter decomposition and root exudation, which in turn

alters the soil microbial community (Vaughn and Berhow 1999). Garlic mustard

has turned out to be an invader by inhibiting Arbuscular Mycorrhizal Fungi (AMF)

population probably through phytochemical inhibition (Callaway et al. 2008;

Stinson et al. 2006).

A justification to the logical extension of the NWH in the invasion of the exotic

reed P. australis has been put forth by Bains et al. (2009). Their findings have

shown that elevated levels of gallotannins in the rhizosphere of the native Phragmites
are available for attack by the enzyme tannase produced by the soil bacteria in

the invaded range, which releases gallic acid, thereby aggravating the invasive-

ness of the exotic Phragmites. Moreover, the native plant communities also

produce higher tannase, resulting in them getting targeted by release of gallic

acid from exotic Phragmites (Fig. 2). This suggests the potential linking of the

native plant and microbe interaction that encourages invasive traits of the exotic

Phragmites. However, the soil microbiota in the home/invaded range needs to

be analyzed for their positive/negative effect.

A prototype for negative feedback effect of the soil pathogens to suppress

the native population was observed in the invasion of Chromolaena odorata
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(Mangla et al. 2008). Through experimentation, Chromolaena was observed to

suppress the native populations in the Western Ghats region in India by recruiting

Fusarium species which fuels the spread of the invading Chromolaena. Direct
allelopathic experiments using activated carbon revealed that the native species

were unaffected. When compared to the soils without Chromolaena, soils with

Chromolaena had very high abundance of the phytopathogen Fusarium. Addition
of the leachate to the soil increased the spore count of Fusarium and the attack

of the leachate on the native plants proceeded via a dose dependent strategy, i.e.,

after a particular level of the inoculum (Fusarium) was reached, the invader

suppressed the native species. Even in the absence of the leachate, in the auto-

claved soil, there was no growth inhibition symptoms observed with the native

plants. Nevertheless, in the non-autoclaved soil, native plant seed germination

was severely affected thus supporting the hypothesis that the leachate was indeed

culturing the growth of the Fusarium to limit the growth of the native species, thus

imparting a negative feedback on the native plants species in the invaded range.

It must be borne in mind that Fusarium species attack young plants and seedlings.

Since the experiments were performed with the well-grown plants, the effect of

the Fusarium on the invader could not be evaluated. One likely explanation is that

the invader spreads via below ground vegetative propagation which might
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donors. The major difference between exotic and native Phragmites australis is at the level of

gallotannin production that can be acted upon by native plant and microbial tannase
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completely rule out the involvement of the seed to seedling phase which is

vulnerable to the Fusarium attack.

Invasion success in the perennial herb Solidago canadensis through allelopathy

and soil microbes was investigated by comparing the germination and growth of the

competitors in the European range with the Solidago populations that belong to

Europe or North America. Seven European grassland species were tested, among

which five plant species in the invaded range revealed a reduction in the growth and

performance in the soil conditioned with S. canadensis, which naturally formed a

dominant stand in the invaded European range (Abilasha et al. 2008). Activated

carbon was added to the soil in these experiments to minimize the potential effects

of the putative allelochemical (see Callaway and Aschehoug 2000). Though the

active compounds were not identified in their study they included the polyacetylene

derivative and three diterpene lactone derivatives.

Though these compounds are being considered allelopathic from the ecolog-

ical standpoint, there are several factors that might influence their production,

such as humidity and composition of the microbial community (Blair et al.

2006). These compounds support the theory of the novel weapons hypothesis, as

a majority of the European competitors tested were negatively affected when

they were exposed to compounds produced by the invading Solidago. The cross

design was employed to study various factors that influence the growth of the

European competitors. Findings show that even when activated carbon was used

to remove the exuded phytochemical from the soil, the soil type, the proximity

of the invasive/native plants, and the soil microbial communities were found to

be detrimental factors.

3.1 Nitrogen Fixers

Invasive non-native plants can either enter the new range with their own sym-

bionts or can enter into associations with the resident symbionts in the invaded

range (Ehrenfeld 2003). Whether all these associations take place in the presence

of the natives in the invaded range is regardless (Weir et al. 2004). Though it has

been reported that a threshold density of the nitrogen fixing bacteria is virtually

necessary for the development of nodules in the nitrogen fixing invading

legumes (Parker 2001), the actinorhizal nitrogen fixer fire tree (Myrica faya)
has invaded the volcanic soils of Hawaii (Vitousek and Walker 1989). Appar-

ently, its success in Hawaii was due to the successful symbiosis with the nitrogen

fixer actinomycete Frankia. Flourishing invasions of Myrica altered not only the

nitrogen cycle in the Hawaiian ecosystems but also native plant communities.

Concurrently, another invasive nonnative nitrogen fixer was negatively inhibited,

for example, Bromus diandrus, which accumulated higher shoot and root bio-

mass when grown in the artificially treated soil that killed native nitrogen fixers

(Maron and Connors 1996).
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3.2 Mutualists

Arbuscular mycorrhizal (AM) fungi unlike the ericoid mycorrhizas and ectomycor-

rhizas lack host specificity and hence they neither limit nor facilitate invasion

(Richardson et al. 2000). An interesting observation with AM fungi was found

when combinations of various AM fungal species were tested with native and non-

native species (Klironomos 2003). Even within the native range, the associations

ranged from highly parasitic to mutualistic associations and this entirely depended

on the AM fungal species taken into study. Incorporation of AM fungi in studies

with the invaders may reveal trends that correspond to the success of a particular

invader, i.e., a mutualist may encourage an invader while a non-native parasite may

repel an invader (Reinhart and Callaway 2004).

A classical example of the modification of the soil mutualists by the invading

exotic species was illustrated by Kourtev et al. (2002, 2003). Invasion of two exotic

plant species Berberis thunbergii (Japanese barberry) and Microstegium vimineum
(Japanese stilt grass) and their effect on the soil biota in North America showed a

vast variation in the microbial community in the invaded range than in the native

range. In the barberry soil, there was an increase in the bacterial population and

relative decrease in the fungal abundance, whereas in the stilt grass soils, coloniza-

tion of the AMF was more pronounced. Whether allelochemicals were involved in

the modification was not confirmed.

The invasive species C. maculosa in North America did not show significant

increase in the growth and biomass when grown in the sterilized North American

soil compared to an astounding increase in the biomass when grown in the sterilized

European soil. This observation clearly justifies that C. maculosa in Europe was

affected by the soil micro biota in their home range when compared to the invaded

range and that it survives and spreads in the invaded range due to lack of detrimen-

tal micro biota. However when the C. maculosa was grown in the American soil

without sterilization, the growth was exuberant confirming that in the new invaded

range there may be a relationship between C. maculosa and the beneficial microbes

that foster its rapid growth and spread. The invasive species has apparently mod-

ified the soil community for its own advantage. Mutualistic microbes such as the

AMF not only infect specific hosts but also a broad range of hosts making it

available to the invading plants in the new region.

AMF colonization was higher in the invaded serpentine soils of C. solstitialis
(yellow starthistle) and Aegilops triuncialis (barb goatgrass) (Batten et al. 2006).

Sepentine soils are highly infertile with low calcium, magnesium ratio, low nitro-

gen, and high heavy metal content, and in addition have a low water holding

capacity. Through the phospholipid fatty acid analysis (PLFA), it was shown that

invaded communities had higher levels of the biomarkers for sulfate reducing

bacteria and AMF compared to the native soil communities. There has been a

variation in the microbial communities in the areas invaded by these two species as

compared to the original native soil communities.
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4 Future Directions

Whilst investigating the mechanism of exotic plant invasion, discrepancies relating

to the phytotoxicity of allelochemicals arise. Failure in the reproduction of the

results published in one species elsewhere in the world occurs. It must be recalled

that the time and place of the soil sampling, the duration between various soil

sampling, experimentation and storage conditions of the soil during the transit from

the site of collection to the laboratory, techniques used for the bioassay, and

environmental conditions all contribute to a completely different set of results

(Inderjit et al. 2006). The studies performed have to be repeatable, and stringent

working conditions need to be established to avoid contradictory theories on the

invasion of the same exotic species. Several mechanisms of invasion, soil biota

feedbacks have been presented in the past. However only in a very few invasive

species have the direct and indirect mechanisms been explained. Lack of identifi-

cation of key microbial ingredient exists with most successful invasions. Assimila-

tion of a microbial profile of the invasive plant in question both in the invaded and

the home range would contribute towards designing templates for formulating

bioherbicides. More reliable conclusions regarding invasive plants especially

those altering the underground microbial communities need to be made for a better

understanding for which an explicit approach of plant-soil biota feedback experi-

ments need to be performed. With the soil microbiota in question, the rates of

degradation of the allelochemical, the population density of the microbe, and the

rates of microbial degradation all come in to the study and have to be evaluated for a

more realistic conclusion. Besides the extension and supporting theories of the

NWH, the concept of EICA needs to be addressed in plant invasion ecology

(Callaway and Ridenour 2004). The plant nutrient trade-offs for defense and growth

in the new environment would allow us to understand the need for a plant to choose

either one in the newly invaded range. Successful failure of some of the invasions

with significance in agro-forestry (Scheffer 2003) will also improve our under-

standing of the belowground flora and fauna which might mitigate our lack of

knowledge in invasions.
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Volatile Interaction Between Undamaged Plants:

A Short Cut to Coexistence

Velemir Ninkovic

Abstract Coexistence with other plants is one of the most important factors

affecting the growth of plant individuals and the distribution of species. Most

research in this area has focused on competition between plants, but recently an

understanding has emerged that coexistence can take other forms. Plant released

volatile organic compounds (VOCs) can be phytotoxic for receiving plants and are

commonly employed in plant competition. VOCs can also be used as a source

of information by the plant. The information available to the plant through the

interpretation of plant volatile signals can help it adapt to surrounding conditions,

such as competition, via morphological and physiological changes. These changes

can result in alterations of leaf temperature and biomass allocation patterns. The

plant can then react to compete when necessary or avoid unfavourable competition.

Studies indicate that plants can distinguish between related and non-related plants

by means of VOCs. Therefore, VOCs may also play an important role in the kin

selection. Volatile signal interpretation and its effects on the plant and subsequent

trophic levels have been given the name allelobiosis.

1 Introduction

During the cyclical development of an individual from propagation unit to propa-

gation unit, plants are exposed to a broad range of stress elements. During their

evolution, plants have developed different ecological means to adapt their develop-

ment, physiology, and life history to these challenges. Studies have begun to focus

on the ability of plants to make adaptive decisions about the challenges they face
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based on cues and signals they perceive from their environment (Silvertown and

Gordon 1989; Sultan 2007). Competition between plants has been recognised as

one of the most important factors affecting the growth of individuals and the

distribution of species, and plants utilise a wide spectrum of behaviours to compete

with or resist competition from their neighbours (Trewavas 2009).

For many decades, it has been known that chemical messages play an important

role in these behavioural mechanisms. The process was given the name allelopathy

by Molisch (1937). There are several hundred allelochemicals released from plants

which are known to interfere with physiological processes in the receiving plant

(Einhellig 1995), and several studies have clearly demonstrated the mode of action

of allelochemicals (Batish et al. 2006; Field et al. 2006; Filella et al. 2009; Hierro

and Callaway 2003).

Recent research has also shown that this type of chemical interaction may

represent not only direct competition but also a source of information that can be

used to adapt to upcoming events. The term ‘allelobiosis’ has been introduced to

describe this process and its effects on plants and at higher trophic levels (Ninkovic

et al. 2006; Pettersson et al. 2003).

In this chapter, the ecological importance of volatile chemical communication

between undamaged plants is summarised and discussed, highlighting the effects of

allelobiosis on plant growth (Fig. 1).

Fig. 1 Allelobiosis. Volatile chemical interactions between undamaged plants induce morpholog-

ical and physiological changes in the responding plant
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2 Role of Plant Volatiles

Plants release volatile organic compounds (VOCs) into the surrounding environ-

ment from organs such as leaves, flowers and roots. More than 1700 volatile

compounds have been identified (Chapter ‘Allelopathy and Exotic Plant Invasion’;

Knudsen et al. 2006), serving various ecological roles. Emitted airborne VOCs aid

plant reproduction by attracting pollinators (Reinhard et al. 2004) and seed dis-

persers (Luft et al. 2003; Steiger et al. 2008). They are part of the plant inducible

defence system against herbivores and pathogens (e.g. Shiojiri et al. 2006) and may

repel herbivores directly (De Moraes et al. 2001; Kessler and Baldwin 2001) or

induce indirect defence against insects (Arimura et al. 2000; Ton et al. 2007) or

pathogens (Kishimoto et al. 2006) as well as protect plants via tritrophic interac-

tions by attracting herbivore natural enemies (e.g. Arimura et al. 2000; Ninkovic

et al. 2001). In addition, emission of VOCs can contribute in other stress acclima-

tisations such as thermotolerance (Sharkey et al. 2001) and removal of reactive

oxygen species (Loreto and Velikova 2001).

The production of VOCs is complex and constantly altered by interactions of

plants with biotic and abiotic factors in continuously changing environments

(Pichersky et al. 2006). Biotic stress such as intraspecific and interspecific compe-

tition between plants have both positive and negative effects on the amount and

composition of volatile emissions, depending on the species a seedling coexists

with (Ormeño et al. 2007). Herbivory or pathogen attack modify the plant’s

volatile profile by induction of semiochemicals and odour blends associated with

leaf damage and plant volatile induced defence (Dicke 2009; Chapters ‘The

Chemistry of Plant Signalling’, ‘Within-Plant Signalling by Volatiles Triggers

Systemic Defences’ ‘Plant Volatiles: Useful Signals to Monitor Crop Health Status

in Greenhouses’). Production of VOCs may also be sensitive to different abiotic

factors such as severe water stress (Delfine et al. 2005; Filella et al. 2009; Ormeño

et al. 2007), temperature and light intensity (Wassner and Ravetta 2005; Yuan et al.

2009), different nutrition levels in the soil (Ormeño et al. 2008), ultraviolet radia-

tion (Zavala and Ravetta 2002) and ozone (Yuan et al. 2009). Almost all changes in

abiotic factors, except air humidity, cause small but significant changes in the

relative ratios among the different compounds in odour blends after an herbivore

attack (Gouinguene and Turlings 2002).

The concentration and composition of plant-generated VOCs can carry infor-

mation about plants, their physiological status and the stress that they have been

exposed to. Therefore, VOCs can play an important role in chemical interaction

between plants and insects (Chapters ‘Volatile Chemical Interaction Between

Undamaged Plants: Effects at Higher Trophic Levels’, ‘Within-Plant Signalling by

Volatiles Triggers Systemic Defences’, ‘Volatile Interactions Between Undamaged

Plants: Effects and Potential for Breeding Resistance to Aphids’, ‘Photosensory Cues

in Plant–Plant Interactions: Regulation and Functional Significance of Shade Avoid-

ance Responses’, ‘Exploiting Plant Signals in Sustainable Agriculture’, and ‘Plant
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Volatiles: Useful Signals to Monitor Crop Health Status in Greenhouses’) and

between plant individuals.

2.1 The Role of Plant Volatiles in Allelopathy

The groundbreaking empirical studies of volatile involvement in plant–plant

interactions were done by Muller and colleagues. These studies were based on

observations of the special patterns of annual grassland species and of colonies

of Salvia leucophylla Greene and Artemisia californica (Less.) (Muller et al.

1964). Both species are shrubs that form chaparral vegetation adjacent to areas of

annual grassland. Within and surrounding shrub thickets, graminaceous species are

excluded and the thickets are frequently surrounded by areas of bare soil without

plants. The areas without plants beyond the lateral spread of the shrub system

suggested that a volatile mediated interaction was involved. Studies completely

relying on laboratory assays have demonstrated that volatile monoterpenoids can

have phytotoxic effects on recipient plants (Abrahim et al. 2000; Muller 1965) and

alter soil microflora (Badri and Vivanco 2009).

Laboratory studies have indicated that VOCs released from leaves of one plant

can induce inhibitory responses in neighbouring plants, reducing their germination

and root elongation (Alonso-Amelot et al. 2006; Viles and Reese 1996). Many of

these studies used concentrations of active compounds much higher (e.g. >1000-

fold) than those observed under field conditions (Barney et al. 2005). It was

suggested that VOCs with inhibitory effects on annual grass released from above-

ground plant parts can be absorbed by soil (Muller and Delmoral 1966). Recent

results from greenhouse studies have shown that volatiles released from above-

ground parts of Artemisia vulgaris L. have little direct activity and increased VOCs
concentration in the soil within and bordering the A. vulgaris stand negatively

affects performance of native grasses (Barney et al. 2009). Inhibitory effects of soil-

absorbed monoterpenoids on seed germination and growth can be a result of

alterations in the root phospholipid and sterol composition (Zunino and Zygadlo

2005) and a reduction of both nuclear and organelle DNA synthesis in the root

apical meristem (Nishida et al. 2005).

Ethylene is an important volatile plant hormone that modulates diverse growth

responses to a wide variety of environmental cues. Whether ethylene can affect

neighbouring plants was tested using genetically transformed plants (Inderjit et al.

2009). Root growth of wild type Nicotiana attenuata Torr. ex S. Watson used as

receivers was negatively correlated with the number of wild type tobacco emitting

plants and headspace ethylene concentrations. This effect was not observed when

wild type plants were exposed to volatiles from genetically transformed plants with

already known reduced ability of ethylene production. Furthermore, transgenic

plants with low ethylene production were more sensitive to the presence of ethylene

from their neighbours than were wild type plants.
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The main opinion is that floral VOCs are involved in the attraction of pollinators,

but a recent study reported that these volatiles can be involved in plant–plant

interactions as well (Horiuchi et al. 2007). Such VOCs from snapdragon flowers,

Antirrhinum majus L., inhibit Arabidopsis root growth by more than 50% relative

to untreated control plants. Methyl benzoate was found to be primarily responsible

for the inhibition of root growth, and treatment with this component induced

expression of cytokinin, auxin and other plant-hormone-related genes and genes

related to seed germination processes in Arabidopsis.
Root-emitted volatile compounds in the rhizosphere can also be involved in

plant–plant signalling. However, their effects are most likely limited to immediate

neighbours and competitors because of their relatively low transport rates (van der

Putten 2001). For instance, specific volatile compounds, mostly sesqui- and diter-

penes, released by roots of the invasive Bitou bush into the soil had inhibitory

effects on native plant seedling growth (Ens et al. 2009). High concentrations of

VOCs in the soil can be a result of fast root growth and great root biomass

production of the Bitou bush, which can confer superior allelopathic efficiency

and high competitive ability to this species. Volatiles released by roots into the

soil also have phytotoxic effects on seed germination and growth of competing

neighbouring plants.

Inhibitory effects of allelochemicals, including VOCs released from invasive/

allelopathic plants, have been suggested to contribute to the success of some

invasive exotic plants in establishing monocultures. This phenomenon may be

amplified by the absence of adequate mechanisms among native plants to protect

themselves (Barney et al. 2009). It has often been suggested that exudation/

emission of compounds into the surrounding environment by native plant species

have only minor effects on surrounding plants (e.g. Chapter ‘Allelopathy and exotic

plant invasion’). This is a result of adaptation by associated plant species to

the presence of neighbouring plants that produce specific chemical compounds

(Grøndahl and Ehlers 2008) and the fact that local plant communities can co-evolve

in the presence of ‘chemical neighbours’ (Callaway et al. 2005; Ehlers and Thompson

2004). However, few studies have focused on how individual plants or plant species

adapt to the presence of other plant individuals or species.

2.2 VOCs as Cues in Plant–Plant Interaction

VOCs released from neighbouring plants may have informative value for

responding/listening plants (Ninkovic et al. 2006). These volatile signals may

initiate responses in receiving plants that represent adaptations to present or future

competitive conditions. Useful information must be relevant for future competition

with neighbouring plants since plant responses, especially those related to develop-

ment of new organs and resource allocation, require time (see review Novoplansky

2009). In this way, plants can modify their development in response to environ-

mental conditions to maximise growth.
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It has been suggested that plasticity of biomass allocation is consistent with

optimal partitioning theory, e.g. biomass allocation in response to limiting

resources (Chapin et al. 1987). An increased allocation to root biomass is a well

known response to nitrogen limitation (Glimsk€ar and Ericsson 1999; Ingestad and

Agren 1991) and may be a general response across plant species (Reynolds and

Dantonio 1996). Trade-off between allocation to shoots and roots may be one of the

plant’s primary responses to competition with other plants (e.g. Grime 2001). Plants

increase their root biomass in the presence of neighbouring roots before physical

contact, via a mechanism that involves allelochemicals (e.g. Grøndahl and Ehlers

2008) even when nutrients are not limiting (reviewed by Schenk 2006). These

results demonstrate that root-growth patterns of plants grown with different types of

neighbours vary between species and suggest that factors additional to resource

depletion could be involved in their development.

Laboratory studies show that the pattern of biomass allocation of barley seed-

lings was changed in response to volatiles from undamaged neighbouring plants

with which interaction between roots was prevented (Ninkovic 2003). Plants

exposed to volatiles from another cultivar allocated more biomass to roots and

less to leaves than plants exposed to volatiles from the same cultivar, or to air alone.

Given that the total dry biomass of exposed plants did not significantly differ

between treatments, the observed changes in biomass allocation between different

organs may represent a response to competitive cues generated by another plant.

Plants can discriminate kin in competitive interactions, and the root interactions

may provide the cue for kin recognition (Dudley and File 2007). The annual plant

Cakile edentula increased allocation to roots when groups of non-kin shared a

common pot, but not when groups of siblings shared a pot (Dudley and File 2007).

Volatile chemical interaction between plants as reported by Ninkovic (2003) can

be consistent with kin selection because greater allocation to roots is claimed

to increase below-ground competitive ability, even though the barley cultivars

used have been developed by plant breeding. However, the mechanisms of individ-

ual recognition are less than intuitive in plants, and have received relatively little

attention (Callaway and Mahall 2007).

Shade avoidance is another example of plant modification of growth in response

to neighbours. These growth adjustments help plants to reach the light and outgrow

their competitors by enhanced elongation of stems and petioles. Action of phyto-

crome photoreceptors that sense the red:far-red (R:FR) ratio in light reflected by

neighbours initiate and contribute to shade avoidance responses (see Chapter

‘Photosensory Cues in Plant–Plant Interactions: Regulation and Functional Signifi-

cance of Shade Avoidance Responses’). Furthermore, the volatile hormone ethyl-

ene has been associated with shade avoidance, both as a direct volatile neighbour

detection signal (through atmospheric accumulation) that induces strong elongation

in seedlings and as a downstream target for photoreceptor signalling (Pierik et al.

2004, 2007).

Early signal detection followed by appropriate response to the actual presence of

potentially competing plants should have great advantage for the individual plant.

It is therefore suggested that plants have developed selective perception systems
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to respond to significant information contributing to the maximisation of their

competitive responsiveness towards worthy targets (Novoplansky 2009). Since

VOCs can carry information about neighbouring plants, the perception system for

volatile cues may allow plants to adapt their establishment strategy depending on

the presence of competitors during early growth phases and avoid wasteful compe-

tition against self and kin, or the waging of hopeless battles against overwhelmingly

strong competitors.

3 Plant Responses to Allelobiosis, Methyl Salicylate

and Methyl Jasmonate

Plants exposed to different types of stress release stress related volatile chemicals,

such as methyl salicylate (MeSA) and methyl jasmonate (MeJA) into the environ-

ment (Shulaev et al. 1997). Both MeSA and MeJA may have important roles in

plant responses to biotic and abiotic stresses, acting as signals that trigger the

oxidative pathways needed to activate gene expression in plant stress responses.

In laboratory experiments barley plants exposed to MeSA, MeJA and to allelobiotic

interactions via volatiles from another barley cultivar exhibited changes in leaf

temperature measured by thermal imaging. Plants exposed toMeSA orMeJA had

significantly higher leaf temperatures than unexposed barley plants, indicating

stress responses in the exposed plants, whereas plants exposed to volatiles from

another barley cultivar showed the opposite reaction (Fig. 2). The thermal signal

measured by an infra-red camera generally depends on differences in transpiration

rate, where high temperature reflects closed stomata and low temperature reflects

open stomata (see review Chaerle et al. 2007). Stress generated by pathogens can
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Fig. 2 Differences in leaf temperature measured by IR camera on plants of the barley cultivar Kara

exposed to MeSA, MeJA and volatiles from the cultivar Alva compared to unexposed Kara. Plants

were constantly exposed and the number of days denotes the time from start of the exposure. The

exposure to MeSA and MeJA was performed as described in Glinwood et al. (2007). Asterisks
denote statistical significance at p < 0.05 (Tukey test, n ¼ 10)
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influence stomatal opening and closing by the release of specific compounds

inducing plant resistance responses, or by interfering with water transport (Chaerle

et al. 2004; Jones 2004; Melotto et al. 2006; Prats et al. 2006). Stomatal closure as a

consequence of accumulation of salicylic acid causes increase in leaf temperature

(Chaerle et al. 1999).

Different effects of VOCs on leaf temperature indicate that plant responses are

dependent on the nature of the volatile cue. Exposure of barley to MeSA induces

BCI-4 (barley chemical inducible gene-4) whereas MeJA induces AOS2 (allene

oxide synthase) (Glinwood et al. 2007). BCI-4 is a putative Ca2+ -binding EF-hand

protein that is upregulated by external application of benzo-(1,2,3) thiadiazole-

7-carbothioic acid S-methyl ester (BTH), and belongs to a group of chemically

induced barley genes that correlate with resistance to powdery mildew (Beßer et al.

2000). AOS2 is known as a stress related gene in barley (Maucher et al. 2000).

These two genes were not upregulated in plants treated with volatiles from undam-

aged plants of another barley cultivar.

Observed decreases in leaf temperature following exposure to volatiles from an

undamaged barley cultivar suggest increased transpiration rates in exposed barley

plants. This change of transpiration rate generates an increased need for water that

may be compensated by greater allocation of available biomass to roots in exposed

plants (Ninkovic 2003). It has been shown that MeJA can reduce root growth

(Nakagawa and Kawaguchi 2006; Staswick et al. 1992), suggesting that stress

related VOCs negatively affect growth rate and may therefore reduce competitive

ability of treated plants. It seems that the allelobiotic response is different from the

effect caused by the stress related substances MeSA andMeJA. It is still unknown if

this allelobiotically induced response can help plants reduce the negative effects

of competition with other plants. Pettersson et al. (1999) showed that significant

reduction in leaf temperature occurred only when certain cultivars were exposed to

volatiles from certain other cultivars. This principle can be ubiquitously important

for plant’s decision-making system, especially in competitive settings where the

success of each genotype is inherently dependent on its response to competition

from neighbouring genotypes/species.

The results of the studies presented here suggest that plant VOCs carry informa-

tion about the physiological status of neighbouring plants and that they may help

the plant to adapt its growth strategy depending on the presence of competitors.

Thus, plants may have developed selective perception systems to detect volatile

cues, and respond by activating different responding mechanisms depending on

which volatile cues are emitted by neighbouring plants.

4 Conclusions

Coexistence with other plants is an important factor affecting the growth of plant

individuals and the distribution of species. VOCs may be a valuable source of

information in competition and avoidance of competition, and the information
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available to plants through the interpretation of such signals may help them adapt

to surrounding conditions by means of physiological as well as morphological

changes. Recent research has confirmed that chemical interaction may represent

not only an aggressive tool but also a source of information used by plants to adapt

to anticipated future events. The complex composition of plant generated VOCs is

dynamic and offers a tool for responding plants and immediate information on actual

status of neighbouring plants. This perception systemmay enable plants to adapt their

growth strategy depending on the presence of competitors during early growth phases

and to avoid wasteful competition against self and kin or overwhelmingly powerful

competitors. Thus the term ‘allelobiosis’ has been introduced to stress the role of

VOCs in intra- as well as multi-trophic ecological mechanisms.

The information carried by volatile substances can have a multitude of effects on

plants that are exposed to them, ranging from phytotoxicity to beneficial adapta-

tions to competition. Therefore, the ecological importance of such exchange may be

more important than currently recognised. Volatile communication between plants

is potentially very finely tuned, and even small changes in the composition of the

volatile blend may have great importance for neighbouring plants. From an ecolog-

ical point of view, the importance of understanding the effects of different sub-

stances and blends in the volatile profile cannot be overestimated, and more

research is needed in this field.
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Volatile Chemical Interaction Between

Undamaged Plants: Effects at Higher

Trophic Levels

Robert Glinwood

Abstract This chapter discusses whether plant chemical communication is a mech-

anism by which plant genetic diversity can affect the natural enemies of herbivores.

Plant genetic diversity influences natural enemies, and these insects use volatile

chemical cues to locate suitable habitats. However, the importance of chemical

communication for these interactions has not been considered. In this chapter, the

latest research on chemical communication between undamaged plants is reviewed.

Evidence for the fact that volatile chemical communication between weeds and

barley, and between different barley genotypes, can influence host plant and habitat

selection by aphid natural enemies, polyphagous ladybirds and parasitic wasps, is

presented. The results suggest that aphid natural enemies may recognise the effects

of plant–plant volatile interaction and volatile mixing as cues denoting favourable

habitats. This represents a new aspect of the ecology of plant communication that

may be exploited for sustainable plant protection.

1 Introduction

Plants and insects have to overcome many challenges to survive and reproduce and

need to respond to information in their environment. Chemical information is

abundant in the habitats in which plants and insects live, and while we have known

for a long time that insects use chemical cues from other insects and plants, it took

longer to establish that plants also use volatile chemical signals in ways that appear to

be adaptive. It is now generally accepted that plants respond to defence-inducing

volatile signals released after attack by herbivores (Chapter ‘Within-Plant Signalling

by Volatiles Triggers Systemic Defences’), and their informational role is gradually
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being revealed (Heil and Bueno 2007; Halitschke et al. 2008; Chapter ‘Within-Plant

Signalling by Volatiles Triggers Systemic Defences’). However, plants also respond

to chemicals released by undamaged plants (e.g. Runyon et al. 2006).

In allelopathy, for example, plant substances that escape into the environment

may affect the growth and development of neighbours (Rice 1984). Although

allelopathy is an important issue in agricultural science, affecting many aspects of

plant coexistence and competition (Weston and Duke 2003), investigation of its

effects at higher trophic levels such as herbivores and their natural enemies has

started only recently (Ninkovic et al. 2006). The natural enemies of herbivores

respond to habitat cues denoting prey abundance and quality. Specialised natural

enemies, such as parasitic wasps, use cues indicating the presence of their hosts (Vet

and Dicke 1992), whereas polyphagous predators respond to more general indica-

tors of habitat quality (Pettersson et al. 2005). The vegetational composition of

habitats is therefore of great relevance to natural enemies.

There is growing interest in the effects of plant diversity on higher trophic levels.

In many cases, increased plant genetic diversity has been found to influence

herbivore natural enemies in a positive way (Root 1973; Russell 1989; Cook

et al. 2007). Given that these insects are often well developed in their use of

chemical cues, and that they must be able to recognise plant genetic diversity in

order to respond, it is surprising that the role of chemical interactions is only now

starting to receive attention. In this chapter I ask the question ‘is plant chemical

communication a mechanism by which plant genetic diversity can affect herbivore

natural enemies?’ I review evidence from investigations on plant volatile interac-

tions affecting aphids on barley, which has opened an exciting new perspective on

the ecology of plant communication.

2 Increased Plant Genetic Diversity Affects Higher

Trophic Levels

2.1 Between Species Diversity

A concept emerging from the study of ecosystem function is that multitrophic

interactions can be directly affected by plant biodiversity (Hooper et al. 2005). The

greatest focus has been on increased diversity of species, which has been found to

support higher diversity and abundance of both herbivorous and predatory arthropod

species (Siemann et al. 1998; Haddad et al. 2001). Much of the classic work on plant

diversity in relation to agricultural systems relates to mixed species intercropping,

and has led to the development of a number of theories explaining how complex plant

habitats suppress pest insects and benefit their natural enemies (Root 1973; Russell

1989; Andow 1991). These theories, while not universally proven, have been sup-

ported by experiments in agricultural (Andow 1991) and natural ecosystems (e.g.

Koricheva et al. 2000; Haddad et al. 2001; Otway et al. 2005).
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Despite extensive research on the effects of plant diversity at higher trophic

levels, understanding of the mechanistic background to these responses is still

limited. Plants sharing a common environment can interact chemically with each

other, and can contribute to the combined chemical profile of the habitat. However,

whereas chemical mechanisms have been mentioned among theories seeking to

explain the effects of mixed cropping on herbivores and natural enemies (e.g. Uvah

and Coaker 1984), the role of direct chemical interaction between plants has not

been widely considered.

2.2 Within-Species Genotype Diversity

Emphasis on the importance of plant species diversity for trophic interactions may

have hidden the fact that diversity between different genotypes of the same plant

species has its own ecological significance. Due to the hierarchical structure of

trophic food webs, it has been pointed out that plant traits specifically influencing

natural enemies should be relatively fewer than those affecting their herbivore prey.

It has therefore been assumed that variation resulting from combining genotypes of

a single plant species should have only a weak affect at the third trophic level

(Vinson 1999; Johnson and Agrawal 2005). This view appears to be changing, and

evidence for effects of within species genotype diversity on higher trophic levels is

starting to accumulate. For example, Johnson (2008) found that plant genotype

diversity can directly affect the abundance of insect predators in a natural ecosys-

tem. However, the strongest effects of plant genotype diversity may be found in

managed crop systems rather than natural ones because, against the relatively

homogenous genetic background typical of most agricultural monocultures, genetic

diversity within the plant species may be more apparent. This also opens the

possibility to exploit insect responses for sustainable crop protection.

In fact, mixing different genotypes of the same species of crop plant has been

shown to reduce the incidence of damage-causing organisms that use the plants as

hosts (Power 1991; Mundt 2002; Ninkovic et al. 2002; Cadet et al. 2007). Again, it

is not known to what extent chemical signalling is involved in these interactions.

However, the role of chemical signalling as a mechanism contributing to the impact

of plant genotype interactions at higher trophic levels has been more extensively

studied in a model system consisting of barley, aphids and their natural enemies,

and this work will be described next.

3 Volatile Interactions Between Undamaged Plants Affect

Higher Trophic Levels

It has become apparent that chemical interaction between undamaged plants is a

complex process that affects trophic interactions beyond the plant level (Glinwood

et al. 2003; Ninkovic et al. 2006), and may even have an informational value for the
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receiving plant. This has been shown in interactions between barley and weeds and

between different genotypes of barley itself. Barley exposed to volatiles from

undamaged plants of a different cultivar adjusts its biomass allocation to favour

roots rather than shoots, a response that may indicate increased readiness for

competition with a neighbouring plant (Ninkovic 2003). Barley also responds to

volatiles from weeds and other barley genotypes by becoming less acceptable as a

host plant to aphid herbivores (Pettersson et al. 1999; Ninkovic et al. 2002;

Glinwood et al. 2004; Glinwood et al. 2007). These interactions are reviewed in

Chapter ‘Volatile Interactions Between Undamaged Plants: Effects and Potential

for Breeding Resistance to Aphids’.

These findings have led to the introduction of the term, allelobiosis to describe

the wider trophic effects of plant interaction via chemicals (Pettersson et al. 2003;

Ninkovic et al. 2006). The three key aspects of the definition of allelobiosis are (1)

the chemical interaction occurs between undamaged plants, (2) the interaction may

be beneficial for the receiving plant and (3) the responses of the receiving plant

affect organisms at other trophic levels. Aspect 1 separates allelobiosis from a large

body of research on interplant signalling, which focuses on signals released by

infected/infested plants, while aspect 3 separates allelobiosis from the plant-

focused approach of allelopathy.

Volatile interaction between undamaged plants can also affect the third trophic

level. There are two main mechanisms by which this may occur, outlined in Fig. 1.

First by allelobiosis (Fig. 1a), in which direct volatile interaction between neigh-

bouring plants induces responses in the receiving plant that affect its interactions

with natural enemies, via either volatile emission or quality of the herbivore prey.

Secondly, if there is variation in the volatile profiles of the different plant geno-

types, they can combine to give an increased volatile chemical diversity that natural

enemies could use as an indicator of habitat quality (Fig. 1b). The evidence for

these different mechanisms in the barley model system will be discussed next,

focusing separately on interactions between different plant species and between

genotypes of the same species.

3.1 Allelobiosis Between Different Plant Species

The seven spot ladybird Coccinella septempunctata is a polyphagous predator that

uses aphids as a high quality food source (Hodek and Honek 1996). It is commonly

found in barley fields where it is an important member of the complex of natural

enemies that regulate aphid populations. Experiments with adult C. septempunc-
tata, barley and two common weeds, Elytrigia repens and Cirsium arvense have

demonstrated how both allelobiosis and plant volatile diversity may support the

habitat preferences of adult C. septempunctata in barley.

Surveys in a barley field showed that adult ladybirds occurred in significantly

greater numbers in patches containing either E. repens or C. arvense than in

weedless patches (Ninkovic and Pettersson 2003). The plant biomass was similar
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Fig. 1 a and b. Two mechanisms by which mixing different plant genotypes may affect the natural

enemies of herbivores via volatile chemicals (dotted lines) and host quality (bold lines). In
(a) volatiles from one plant genotype induce responses in a second genotype that affect plant

volatile emission and herbivore host quality. In (b) mixed odours of the different plant genotypes

affect natural enemy orientation
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in the different patches, the weeds were not flowering and there were no aphids in

the crop. This suggests that the ladybird distribution represented a habitat prefer-

ence influenced by the presence of the weeds. In a series of laboratory experiments,

the importance of plant volatile cues for the observed habitat preference was

investigated (Ninkovic and Pettersson 2003). Volatiles of neither weed were directly

attractive to ladybirds, however mixed odours of either weed together with barley

were more attractive than the odour of barley alone. When the E. repens plants were
removed from the system, barley plants that had been exposed to volatiles from the

weed were not more attractive than unexposed barley, suggesting that volatile

mixing was responsible for the previously observed attraction. However, barley

plants that had been exposed to volatiles from C. arvense continued to be attractive
to ladybirds even after the weed had been removed.

This suggests the involvement of allelobiosis, in which weed volatiles induced

changes in the volatile profile of the exposed barley plants that made them more

attractive to ladybirds. Interestingly, barley exposed to volatiles from this weed

were found to be less acceptable to aphids both on contact and via their odour

(Glinwood et al. 2004; Chapter ‘Volatile Interaction Between Undamaged Plants: A

Short Cut to Coexistence’), indicating that effects of allelobiosis occur over at least

two trophic levels.

Aphids are attacked by small parasitic wasps in the subfamily Aphidiinae, and

these too are considered important members of the aphid natural enemy complex.

Allelobiosis between weeds and barley also affects olfactory orientation by these

insects. While odour of the thistle Cirsium vulgarewas repellent to female Aphidius
ervi, barley that had been exposed to volatiles from C. vulgare became significantly

more attractive than unexposed plants (Fig. 2). Presumably the thistle itself repre-

sents a non-host plant for a parasitoid that has been reared on a cereal–cereal aphid

system, while attraction to exposed barley suggests induced changes that modify

the volatile profile.

The responses of ladybirds in the experiments described above are consistent

with theories on the positive effects of plant diversity on natural enemies (Root

1973; Bach 1980; Russell 1989) and also support previous studies on the impor-

tance of plant composition for the ladybird habitat preference (Leather et al.

1999; Elliott et al. 2002). They add a new perspective to the theoretical debate,

namely that chemical interaction between plants, either directly by allelobiosis or

via odour mixing, may comprise a mechanism by which insects detect plant

diversity.

3.2 Allelobiosis Between Different Genotypes
of the Same Plant Species

Several studies have shown that allelobiosis between different cultivars of barley

affects both plant biomass allocation and interaction with aphid herbivores
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(Ninkovic 2003; Ninkovic et al. 2002; Glinwood et al. 2007; Ninkovic and Åhman

2009; Chapter ‘Volatile Interactions Between Undamaged plants: Effects and

Potential for Breeding Resistance to Aphids’). As is the case for weed–barley

interactions, volatile exposures between barley cultivars also affect aphid natural

enemies. The effects appear to follow the same pattern as found for aphids, with

only specific cultivar combinations influencing natural enemy foraging behaviour.

In a field experiment, significantly more ladybird adults were recorded in stands of a

mixture of two particular barley cultivars than in stands of either cultivar alone

(Ninkovic et al. unpublished). Laboratory experiments showed that, although

neither cultivar was more attractive, volatile exposure of one cultivar to the other

caused the odour of exposed plants to become more attractive to ladybirds. When

the odours of the cultivars were combined, this same cultivar combination was also

more attractive than the odour of either cultivar alone. This is the first evidence that

direct chemical interaction and odour mixing in genotypes of the same plant species

can affect olfactory orientation by a polyphagous predator.

These findings are backed up by results with further barley cultivar combina-

tions, in which attraction of ladybirds persisted in exposed plants for up to 7 days

after the end of the exposure period, suggesting long term changes in plant status

that are reflected by the profile of volatile emission (Glinwood et al. 2009).

Interestingly there was a close agreement between those cultivar combinations

that gave both negative effects on aphid plant acceptance and positive effects on

ladybird attraction, suggesting involvement of a common mechanism. Aphid para-

sitoids of the species Aphidius colemani were also attracted to the odour of exposed
plants from these combinations.
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Fig. 2 Olfactory preference of the aphid parasitoid Aphidius ervi in a two-way olfactometer given

a choice between (a) odour from the thistle Cirsium vulgare and clean air or (b) odour of barley

previously exposed to volatiles from C. vulgare and unexposed barley. Values of P fromWilcoxon

tests
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The adaptive significance of these insect responses is still not apparent, however

aphid natural enemies are known to be sensitive to the quality of their aphid hosts,

and should forage optimally to locate and exploit the best quality hosts. Barley

plants that became attractive to aphid natural enemies after volatile exposure also

appear to be less preferred as hosts by aphids. However, experiments suggest that

aphids developing on plants exposed to volatiles from a different cultivar represent

higher quality hosts for aphid natural enemies. For example, ladybirds consumed

more aphids that had developed on exposed plants than on unexposed plants, and

female parasitoids attacked and laid more eggs in aphids that had developed on

exposed plants (Glinwood et al. 2009). Parasitoid egg development did not appear

to be affected, suggesting that natural enemies may have handled aphid prey items

more efficiently, perhaps due to decreased defensive behaviour by the aphids.

In addition to the effects of allelobiosis, odour mixing from different barley

cultivars affects ladybird olfactory orientation. The combined odours of certain pair

wise combinations of barley cultivars were more attractive to ladybirds than an

equivalent biomass of either individual cultivar alone (Fig. 3). Interestingly the

cultivar combinations that gave the clearest effects via mixed odours were those in

which one cultivar became more attractive after exposure to volatiles from the

other. The more specialised aphid parasitoids, however, did not show a clear pattern

of attraction to mixed odours.

0

1

2

3

4

5

6

Frieda +
Prestige

Prestige +
Prestige

Frieda +
Prestige

Frieda +
Frieda

P = 0.01 P = 0.04

0

1

2

3

4

5

6

Frieda +
Barke

Frieda +
Frieda

Frieda +
Barke

Barke +
Barke

P = 0.0009P = 0.37

0

1

2

3

4

5

6

Scandium
+ Prestige

Scandium
+

Scandium

Scandium
+ Prestige

Prestige +
Prestige

P = 0.74 P = 0.02

0

1

2

3

4

5

6

Scandium
+ Barke

Scandium
+

Scandium

Scandium
+ Barke

Barke +
Barke

P = 0.003 P = 0.001

Fig. 3 Olfactory preference of the seven spot ladybird Coccinella septempunctata in a two-way

olfactometer, given a choice between mixed odours of two different barley cultivars and odour of

an equal biomass of each cultivar alone. Mean no. observations in odour field. Values of P from

Wilcoxon tests (Glinwood et al. (2009), with kind permission of Springer Science and Business

Media)

94 R. Glinwood



4 Does Plant Genetic Diversity Affect Natural Enemies

Via Volatile Interaction and Diversity?

The findings on chemical interaction in barley reviewed here give a new perspec-

tive on one possible route linking plant and natural enemy levels. For a polyphagous

predator like C. septempunctata, high quality habitats are characterised by the

availability of a range of different food sources (Elliott et al. 2002; Pettersson

et al. 2008). So, while aphids are a required food for this species, other small insects

and pollen are also important and increased plant diversity should thus be favour-

able. However in order to respond to plant diversity, insects must be able to detect

it. The work on barley has shown that chemical interactions between undamaged

plants can make them more attractive to aphid natural enemies. It is still not clear

what changes are induced in barley plants exposed to allelobiosis. It is possible that

changes in the odour profile of exposed plants result from physiological events

connected with growth and biomass allocation (Ninkovic 2003) or are coupled to a

general stress condition induced by the presence of a close neighbour (Chapter

‘Volatile Interaction Between Undamaged Plants: A Short Cut to Coexistence’).

In either case, these volatile cues may enable natural enemies to locate habitats

or patches with a favourable degree of plant diversity. They may then benefit from

more diverse and abundant food in the case of ladybirds, or be able to forage more

efficiently due to the condition of their prey in the case of both ladybirds and

parasitoids. C. septempunctata also responded positively to the combined odours of

weeds and barley and certain mixtures of barley cultivars. These responses may

represent a further mechanism by which ladybirds can detect a favourable level of

increased plant genetic diversity. Aphid parasitoids did not respond to the odour

mixtures as strongly as ladybirds, which is expected considering their higher degree

of specialisation.

These hypotheses seem more appropriate for the interactions between weeds and

barley than for those between different barley genotypes, since variation in plant

characteristics is presumably much lower within species than between species.

However, if ladybirds can detect indicators of plant genetic diversity through

volatile cues, the behavioural responses mediating this may be triggered by rela-

tively small increases in odour diversity against a homogenous background, as is

the case in agricultural monocrops such as cereals. Enhancement of natural enemies

in mixed cropping has been explained by the provisioning of alternative resources

(Root 1973) but it is unlikely that cultivars of the same plant species would fulfil

this role for a generalist predator such as C. septempunctata, so whether these

responses are adaptive for ladybirds foraging in barley is still unclear and needs to

be investigated. Nevertheless, the work discussed here opens the way for further

investigation on how chemical cues communicate plant genetic diversity to higher

trophic levels.
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5 Conclusions

We are now beginning to understand the wider aspects of plant volatile chemical

signalling. The ecological role of damage-induced cues is becoming clear

(Halitschke et al. 2008; Chapter ‘Within-Plant Signalling by Volatiles Triggers

Systemic Defences’) and explanations for the adaptive significance of induced

volatile emission are emerging (Heil and Ton 2008). Our understanding of the

broader implications for chemical signalling between undamaged plants is,

however, still in its infancy. The current chapter has proposed a mechanism

contributing to the effects of plant genetic diversity at the natural enemy level,

while the work reviewed in Chapters ‘Volatile Interaction Between Undamaged

Plants: A Short Cut to Coexistence’ and ‘Volatile Interactions Between Undamaged

Plants: Effects and Potential for Breeding Resistance to Aphids’ suggests these

interactions can be exploited for insect pest management. Although most of the

knowledge is limited to a model system with barley, there is increasing evidence

from agricultural systems that mixing different genotypes of the same plant species

can affect organisms that use the plants as hosts.

Research on these questions should continue along two closely coordinated

lines:

1. Investigation of the ecosystem role of chemical signalling between undamaged

plant individuals within habitats and between plant habitats and insects. Chemi-

cal interaction and chemical diversity may be previously unconsidered mechan-

isms linking genetic diversity at the plant level with behaviour and population

dynamics at the primary and secondary consumer levels. Since even polypha-

gous insects have a specific set of nutritional requirements, the strongest effects

are expected to occur in combinations of plant genotypes with particular char-

acteristics, rather than with continuous increases in plant diversity per se. This is
reflected in the research on barley in which effects at higher trophic levels occur

only in particular genotype combinations.

2. Exploitation of these interactions by using mixed cropping to manipulate pest

herbivores and their natural enemies in agricultural systems (Exploiting Plant

Signals in Sustainable Agriculture). Although intercropping with different plant

species is long established, it may be possible to achieve similar results by

mixing genotypes of the same plant species, giving a more practical approach to

sustainable plant protection.

We are beginning to view plant chemical communication as a natural facet of the

behaviour of plants under normal conditions and not only as a response to attack.

Key questions to be answered include whether this occurs commonly in natural or

managed ecosystems and whether it represents a genuine exchange of information

between plants. Further study is likely to reveal fascinating new aspects of the

ecology of plant communication.
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Within-Plant Signalling by Volatiles Triggers

Systemic Defences

Martin Heil

Abstract Plants use both internal and external signals to mount their systemic

responses to local enemy attack. Resistance to herbivores being induced by airborne

cures (VOCs, volatile organic compounds) has originally been discovered in the

context of ‘communication’ among independent individual plants. Because the

phenomenon of plants ‘helping’ their non-related neighbours to survive apparently

contradicts evolutionary theory, this phenomenon remained controversial for many

years. Only recently, several groups reported that VOCs released from damaged

organs can also trigger a systemic resistance in as yet intact organs of a plant. This

mechanism may represent the evolutionary origin of resistance induction by VOCs,

as it opens the potential for fitness benefits that are achieved by the emitter itself.

The observation comes, however, with its own problems: Why do plants use VOCs,

whose movements are out of their control, instead of relying exclusively on internal

vascular signals? Until now, the phenomenon of within-plant signalling by VOCs

has been described for only four plant species: sagebrush, lima bean, poplar and

blueberry. Generalisations are, thus, difficult to make at the present stage. Likely

benefits of airborne as compared to vascular signalling comprise the speed of

information transfer, the independence from the vascular system (VOCs can

reach organs that lack direct vascular connections with the attacked one or that

insert on spatially close, yet anatomically independent branches) and the option of

priming: VOCs can prime intact plant tissues, thereby preparing them for a likely

attack without the need for immediately investing in full resistance expression.

Future research is required to understand how common and how important within-

plant signalling by volatile compounds is within the plant kingdom.
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1 Introduction

Plants are sessile organisms that cannot move to reach favourable conditions. A

considerable aspect of their strategy to survive in an ever-changing environment is

therefore represented by phenotypic plasticity, that is, the ability of a given geno-

type to express different phenotypes in response to changing environmental condi-

tions (Sultan 2000; Agrawal 2001). Phenotypic plasticity applies to most aspects of

plant life and becomes particularly obvious when plants alter their transcriptome

after enemy attack. Plants respond to attack by pathogens or herbivores with

extensive changes in gene expression patterns, which lead to induced resistance

or tolerance: various traits are then expressed de novo or at much higher intensities

to reduce or prevent further damage or reduce the consequences of damage for plant

fitness (Walling 2000; Kessler and Baldwin 2002; Durrant and Dong 2004).

The resulting alterations affect the metabolic, chemical and morphological pheno-

type and allow plants to more successfully cope with their enemies (Karban and

Baldwin 1997).

As both pathogens and herbivores are mobile, such plant responses are usually

expressed systemically, in as yet undamaged organs. In addition to the immediate

resistance induction after attack, plants can also mount an adequate level of

resistance using cues that are indicative of future attack, such as elicitors released

during insect egg deposition (Meiners and Hilker 2000; Hilker and Meiners 2006)

and volatiles that are released from damaged neighbours or damaged parts of the

same plant (Heil and Ton 2008; Heil and Karban 2010). Since the earliest descrip-

tions of a plant-wide expression of a phenotypic resistance that is induced by local

virus infection (Gilpatrick and Weintraub 1952; Ross 1961) or insect feeding

(Green and Ryan 1972), researchers have spent entire careers on the search for

the genetic basis of this phenomenon, for the identity of the phenotypically active

resistance traits and for the mobile signals that underlie the (systemic) resistance

expression.

Early research on the mobile signals focused on compounds that move through

the vascular system and identified the two plant hormones, jasmonic acid (JA) and

salicylic acid (SA) and their derivatives (such as precursors of JA and the methy-

lated forms of both hormones, methyl salicylate, MeSA and methyl jasmonate,

MeJA) as the most common mobile players associated with systemic resistance

expression (Shulaev et al. 1997; Durrant and Dong 2004; Schilmiller and Howe

2005; Park et al. 2007; Heil and Ton 2008; Chini et al. 2009). Recent studies have,

however, revealed that long-distance signalling can also be mediated by volatile

compounds in a plant’s headspace (Karban et al. 2006; Frost et al. 2007; Heil and

Silva Bueno 2007b; Rodriguez-Saona et al. 2009). Since such volatiles are released

from the plant surface and move through the air, they can affect systemic parts of

the same plant as well as neighbouring plants, then mediating a phenomenon of

‘plant–plant communication’ (Karban 2008).

Resistance expression in intact plants that is caused by cues from other plants being

currently under attack was advertised as ‘talking trees’ or ‘plant communication’ and
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has been intensively reviewed and discussed over the recent years (Dicke and Bruin

2001b; Baldwin et al. 2006; Heil and Ton 2008; Karban 2008; Heil and Karban

2010). The focus of this chapter is, by contrast, a within-signalling that is mediated

by volatiles. I discuss the benefits and putative shortcomings of systemic within-

plant signalling as compared to vascular signalling and I will present arguments

making it likely that this phenomenon, which so far has been described for four plant

species, is a rather common one.

2 Talking Trees

The first reports that plant resistance expression can be triggered by airborne cues

date back to the early eighties. In 1983, David F. Rhoades reported increased

resistance in undamaged Sitka willow trees growing close to herbivore-infested

conspecific plants (Rhoades 1983) and Ian T. Baldwin and Jack C. Schultz found

increased levels of chemical anti-herbivore defence in undamaged poplar and sugar

maple saplings when these shared the air with damaged plants (Baldwin and

Schultz 1983). These seminal studies did, however, not identify the chemical

cues that triggered the responses in the receiving plants and were criticised for a

lack of independent repetitions and for not ruling out alternative explanations such

as unexplored sources of mortality (Fowler and Lawton 1985; Dicke and Bruin

2001a; Preston et al. 2001).

Over the next decade, the question as to whether plants ‘really’ communicate by

means of airborne cues was discussed intensively and more experiments were

presented. Several studies failed to find any evidence for an information transfer

from damaged to undamaged plants by volatiles (Myers and Williams 1984; Lin

et al. 1990; Preston et al. 1999), whereas others demonstrated the phenomenon in

the laboratory (Farmer and Ryan 1990; Bruin et al. 1992; Shulaev et al. 1997) and

under natural conditions (Dolch and Tscharntke 2000; Karban et al. 2000; Karban

and Maron 2002). Significant breakthroughs in the effort to understand the under-

lying mechanisms were reached with the discovery of MeJA and MeSA as volatile

cues that trigger defence expression in tomato and tobacco, respectively (Farmer

and Ryan 1990; Shulaev et al. 1997) and with the demonstration that the expression

of defence-related genes in lima bean, Phaseolus lunatus, was induced by several

green leaf volatiles (GLVs, small C6 volatile compounds such as alcohols and

aldehydes that are formed from pre-existing lipid precursors by pre-existing

enzymes in response to plant tissue disruption) (Arimura et al. 2000). By now, a

functioning ‘plant communication’ that is mediated by airborne cues released from

neighbouring plants has been demonstrated for at least 14 plant species from nine

families, covering both monocots and dicots (Heil 2009a; Heil and Karban 2010).

After the initial identifications of MeSA and MeJA as airborne signals, further

studies identified several volatile organic compounds that triggered genotypic and/

or phenotypic resistance expression in undamaged plants. In bean and cotton,

(Z)-jasmone can trigger defensive responses via airborne transport, although this
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herbivore-induced volatile activates different sets of genes than MeJA (Birkett et al.

2000, 2009; Bruce et al. 2008). Compounds that have been reported to prime or

induce gene activity or phenotypic defences in intact maize plants comprise (Z)-3-
hexen-1-ol, (Z)-3-hexenal and (Z)-3-hexenyl acetate (Engelberth et al. 2004; Farag

et al. 2005; Ruther and Kleier 2005). In Lima bean, (Z)-3-hexenyl acetate was found
to induce extrafloral nectar (EFN) secretion, an indirect defence mechanism (Kost

and Heil 2006; Heil et al. 2008). Fewer data exist on plant communication in the

context of pathogen resistance. MeSA released from virus-infected tobacco plants

was, however, found to induce resistance in as yet uninfected plants (Shulaev et al.

1997) and MeSA and nonanal that were released from Pseudomonas syringae-
infected lima beans made neighbouring plants more resistant to future infection

with the bacterial pathogen (Yi et al. 2009).

In several cases, VOCs did not fully induce defence expression but rather

caused priming: a sensitization of the plant’s defence arsenal that prepares the

plant to respond more rapidly and/or effectively to subsequent attack (Conrath

et al. 2006; van Hulten et al. 2006; Bruce et al. 2007; Goellner and Conrath 2008).

Hence, primed plants show no enhanced defence activity at the phenotypic level,

but they respond much faster or stronger to wounding or infection than un-primed

plants. For example, intact maize or lima bean plants that had been exposed to

VOCs released from herbivore-damaged conspecific plants responded to herbivore

damage with a faster expression of defence genes, a stronger induction of endog-

enous JA synthesis, or higher rates of EFN secretion, than plants that were

damaged without prior exposition to VOCs (Engelberth et al. 2004; Heil and

Kost 2006; Ton et al. 2007). Similarly, nonanal primed the expression of patho-

genesis-related (PR) genes in lima bean (Yi et al. 2009). Such responses can be

highly specific as, for example, nonanal primed PR-gene expression but not EFN

secretion in lima bean. The significant benefit of being primed by VOCs that are

released from an attacked neighbour is that a plant becomes prepared for an attack

by enemies that eventually leave the damaged plant, whilst it does not invest high

amounts of resources before an active resistance is actually needed (Heil and

Ton 2008).

Interestingly, most scientists who investigated plant–plant communication

focused on alterations in defence expression by the receiver. For two systems

(sagebrush and lima bean), even positive effects on fitness-relevant traits of the

VOC-receiving plant under field conditions could be found (Karban and Maron

2002; Kost and Heil 2006; Heil and Silva Bueno 2007b). By contrast, I am not

aware of a single report showing that an induction of defence expression in the

surrounding plants can benefit the emitter: a situation making the evolutionary

explanation of this phenomenon problematic. Four non-exclusive hypotheses have

recently been presented and comprise the role of volatiles (1) in direct defence, (2)

as traits that synergistically interact with other defences, (3) as cues among kin

and (4) as within-plant signals (Heil and Karban 2010). Future empirical studies

are, however, required to elucidate which of these non-exclusive factors are impor-

tant for the evolutionary onset and maintenance of VOC-mediated plant–plant

communication.
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3 VOCs as Within-Plant Signals

Although we lack knowledge on the fitness consequences of information transfer

among independent neighbouring plants, the phenomenon undoubtedly exists, is

mediated by volatile cues and can affect the receivers under natural conditions. By

contrast, mobile signals that underlie the systemic resistance expressionwithin a single

plant have been searched for – and found –mainly in the vascular system. Damaging a

single leaf usually elicits the strongest responses in orthostichous leaves (Orians 2005),

and the spatio-temporal patterns in the resistance expression to herbivores in poplar,

Populus trichocarpa x deltoides (Davis et al. 1991), tomato, Lycopersicon esculentum
(Orians et al. 2000), wild tobacco, Nicotiana attenuata (Schittko and Baldwin 2003)

and clover, Trifolium repens (Gómez and Stuefer 2006) matched the respective

patterns of assimilate transport. Furthermore, girdling of the petioles of pathogen-

infected cucumber leaves blocked systemic resistance expression against pathogens,

indicating an involvement of phloem transport (Guedes et al. 1980). For these reasons,

research on long-distance signals usually focused on chemical or – to a lesser extent –

electrical (Stankovic and Davies 1996, 1998; Brenner et al. 2006; Maffei et al. 2007)

signals that travel through the vascular system (Heil and Ton 2008).

In some cases, however, phenotypic resistance was expressed quickly and

strongly in distal leaves that lacked a direct vascular connexion to the attacked

leaf (Mutikainen et al. 1996; Kiefer and Slusarenko 2003), an observation suggest-

ing additional routes that allow the induction of systemic resistance in source leaves

or leaves that are non-orthostichous to the damaged ones (Kiefer and Slusarenko

2003; Van Bel and Gaupels 2004). What transportation ways could exist if the

signal does not move through the vascular system? Considering the above-men-

tioned phenomenon of ‘talking trees’ it might not appear too surprising that volatile

cues were found to act in within-plant signalling as well. This idea was originally

presented by Farmer (2001) and Orians (2005), but first empirical confirmations

were reported not earlier than 2006. Richard Karban and co-workers found that

sagebrush fails to express systemic resistance to herbivores when airflow between a

damaged and the systemic, as yet undamaged branches is prevented (Karban et al.

2006). Similarly, EFN secretion by intact lima bean leaves was primed by VOCs

released from damaged neighbouring leaves, and external rather than vascular

signals were found to underlie the systemic response of lima bean to local damage

(Heil and Silva Bueno 2007b). In following studies, a VOC-mediated priming of

defence expression in systemic parts of a locally damaged plant was also found for

poplar, Populus deltoides x nigra, and blueberry, Vaccinium corymbosum (Frost

et al. 2007; Rodriguez-Saona et al. 2009).

3.1 Shortcomings of Signalling by VOCs

Plants use both internal and external signals to mount their systemic resistance to

local attack by pathogens or herbivores. What are the shortcomings and benefits of
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this dual system? A within-plant signalling ‘worn on the outside’ beyond doubts

suffers from significant shortcomings with respect to (1) the capacity of the emitting

plant to control the spatiotemporal distribution of the signals and (2) the access of

other organisms to the information. Volatile organic compounds move freely

through the air, their spatiotemporal distribution is controlled by air movements

and other abiotic factors rather than by the plant itself, and VOCs rapidly dilute,

likely losing their activity at short distances from the emitting organ. I am not aware

of a study that systematically investigated distances over which herbivore-induced

VOCs can affect resistance in other plants, or parts of plants. All positive reports on

plant–plant communication used, however, rather short distances: less than a meter

in the alder system (Dolch and Tscharntke 2000) and even less than 50 cm for

tobacco and sagebrush (Karban et al. 2003, 2006) and for lima bean (Heil and Silva

Bueno 2007b).

Second, VOCs ‘blow in the wind’ (Preston et al. 2001) and can therefore in

principle be used as a source of information by every organism that is capable of

perceiving them. The perception of herbivore-induced VOCs can benefit the

emitting plant when it serves to attract carnivorous or parasitoid arthropods and

thereby leads to an indirect defence (Dicke and Sabelis 1988; Turlings et al. 1990;

Dicke 1994; Tumlinson et al. 1999; van Loon et al. 2000; Kessler and Baldwin

2001) via the enhancement of tritrophic interactions (see Dicke et al. 2003;

Turlings and W€ackers 2004; Heil 2008 for reviews). However, these cues can

also be used by herbivorous insects for their own purposes. In fact, the localisation

of suitable host plants by herbivores that are attracted to host-released odours

likely represents a common phenomenon. For example, small potato plants which

are normally not attractive for the Colorado potato beetle (Leptinotarsa decemlineata)
became attractive after being mechanically damaged and the intensity and dura-

tion of the effect depended on the damaging regime (Bolter et al. 1997). Damaged

Adenostyles alliariae host plants were more attractive to the leaf beetle, Oreina
caraliae, than undamaged ones (Kalberer et al. 2001), female plant bugs (Lygus
rugulipennis) responded positively to volatiles released from Vicia faba plants

when these were damaged or exposed to oviposition by conspecifics (Frati et al.

2009), herbivore-induced monoterpenes released by poplar helped beetles (Chry-
somela populi) to localise their host plant (Brilli et al. 2009) and the same function

was attributed to odours of neotropical ginger (Zingiberales) (Garcia-Robledo and

Horvitz 2009) and mulberry (Morus alba) plants (Mooney et al. 2009), which

became more attractive to specialist herbivores when being damaged by conspe-

cific animals.

Interestingly, this response seems to be dose-dependent, thus allowing herbi-

vores to avoid plants that are too heavily damaged and therefore being unlikely to

serve as a suitable food source (Heil 2004). From the point of view of the plant, the

attraction of specialised herbivores can cause significant ‘ecological costs’ of a

systemic signalling that is ‘worn on the outside’ and thus prone to eavesdropping by

other plants or by animals (Heil and Karban 2010). We would expect, therefore, the

existence of significant benefits of airborne within-plant signals that outweigh the

potential ecological costs that result from enemy attraction.
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3.2 Benefits of VOCs as Plant Signals

Plants possess a highly evolved and efficient vascular system but still take the above

discussed risks that come with external signalling. What are the benefits of within-

plant signalling by volatile cues? First, VOCs have several direct, positive effects

on the emitting plant, because they can repel herbivores (Bernasconi et al. 1998; de

Moraes et al. 2001; Kessler and Baldwin 2001; Heil 2004; Bruinsma et al. 2008),

have antimicrobial effects (Nakamura and Hatanaka 2002; Dilantha Fernando et al.

2005; Matsui 2006; Shiojiri et al. 2006) or protect plants from abiotic stress (Loreto

and Velikova 2001; Behnke et al. 2007). Second, as discussed above, VOCs move

independently of vascular connections and can, thus, reach also no-orthostichous

leaves and leaves that are localised downstream in assimilate transport. This

characteristic can be particularly important in anatomically complex plants. Most

herbivores and pathogens are mobile and can easily spread to spatially neighbour-

ing leaves. In shrubs, trees and lianae, leaves that are spatially close to the attacked

leaf might, however, insert on a different branch or shoot, then being separated

anatomically by meters from the source of actual danger (Heil and Silva Bueno

2007a). By moving through the air, VOCs likely spread in patterns that are similar

to the ones in which spores and insects distribute (Fig. 1). Third, green-leaf volatiles

Receiver

Emitter

O

COOH

Internal signal (JA)

VOCs

Fig. 1 Within-plant signalling by VOCs circumvents long-distance internal transport of signals.

Volatile organic compounds (VOCs, shaded area and grey arrow) are released from beetle-

damaged leaves and spread through the aerial space around this emitter leaf. Thus, they can

rapidly reach and induce the spatially neighbouring receiver, which can easily be reached by the

mobile, herbivorous beetle and thus are in high danger of immediate attack. By contrast, internal

signals such as jasmonic acid (JA) would have to move through a much longer way (dashed arrow)
in order to reach the leaf in danger. Volatile-mediated signalling thus allow the induction of those

parts of a locally damaged plants that are at high risk: the leaves being spatially, but not necessarily

anatomically localised close to the site of attack (redrawn from Heil and Silva Bueno 2007a)
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are synthesised during cell disruption when membrane-bound lipids become

exposed to pre-existing enzymes and are, thus, rapidly and inevitably released

immediately upon tissue damage (Turlings et al. 1998). Such cues represent reliable

indicators of the ‘damaged self’ (Heil 2009b) and are, thus, suitable signals to

quickly ‘warn’ the yet undamaged parts of the same plant.

Finally, VOCs at lower concentrations usually prime resistance rather than fully

inducing it (Engelberth et al. 2004; Heil and Kost 2006; Ton et al. 2007; Frost et al.

2008). Induced resistance has likely evolved because constitutive resistance expres-

sion is too costly (Heil and Baldwin 2002; Cipollini et al. 2003; Walters and Heil

2007). A full systemic resistance expression after every local enemy attack comes,

therefore, with the risk of investing in a defence that is not needed when local

resistance expression sufficed to prevent pathogens from spreading or when herbi-

vores eventually leave the plant for other reasons. Priming enables plants to prepare

themselves for future attack without investing in costly phenotypic resistance

expression, and self-priming indeed has been reported for lima bean, poplar and

blueberry (Frost et al. 2007; Heil and Silva Bueno 2007b; Rodriguez-Saona et al.

2009). It appears, thus, likely that VOCs serve as a first, rapid signal in a two-

component system for the plant-wide regulation of future resistance (Fig. 2): VOCs

are released quickly from the damaged site and prepare systemic organs for the

likely spreading of pathogens and herbivores. Full (and costly) resistance expres-

sion then requires a confirmatory second trigger, which can be the arrival of the

vascular signal or of the plant enemy itself (Heil and Ton 2008). Combining rapid

timescale

hours
days

weeks

fast, airborne signal

delayed, vascular signal

priming phase
defence phase
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e 
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Fig. 2 Within-plant allows preparing systemic tissue by priming. Airborne signals can trigger full

induced defence when they reach close leaves (being at high risk) at relatively high concentrations,

while leaves inserting at longer distances are only primed for an enhanced defence induction once.

Rapid airborne signals can, thus, prime systemic tissues (minutes – hours: priming phase) at low

costs because they cause only relatively little phenotypic defence expression. The costly, full

defence expression then requires confirmation by the delayed arrival of the vascular signal or by

the plant enemy itself (days – weeks, defence phase). (redrawn from Heil and Ton 2008)
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volatile and slower vascular signals allows plants to prepare systemic organs for

future problems without investing limited resources in a resistance that perhaps is

never needed.

3.3 Airborne Cues as Within-Plant Signals: Exotic Cases
or Common Strategy?

Within-plant signalling via airborne cues by now has been reported for four plant

species: wild tobacco, lima bean, poplar, and blueberry (Karban et al. 2006; Frost

et al. 2007; Heil and Silva Bueno 2007b; Rodriguez-Saona et al. 2009). Do these

findings represent the first cases of a common strategy that have been discovered, or

rather some interesting but somehow ‘exotic’ cases of restricted general relevance?

One study tried to exclude airborne signalling within the same plant (Park et al.

2007). Park and colleagues studied the role of the volatile compound, MeSA, in the

systemic resistance expression of tobacco and reported its vascular transport with-

out finding clear hints towards a significant effect of airborne MeSA. However, I am

not aware of any further studies that actively controlled for the possibility of

airborne signalling. The lack of reports can, thus, as probably result from a lack

of studies that have looked for the phenomenon or from a lack of its general

occurrence.

Several lines of argument favour the first interpretation. First, several studies

found patterns of resistance expression at the phenotypic level that were inconsis-

tent with an exclusively vascular transport of the signals (Mutikainen et al. 1996;

Farmer 2001; Kiefer and Slusarenko 2003; Van Bel and Gaupels 2004; Orians

2005). Second, resistance induction in plants can be caused by GLVs and by the

volatile derivatives of the central hormones, MeSA and MeJA. Resistance induc-

tion by these compounds in intact plants has been reported for a variety of species

that do not share any close phylogenetic ancestors (see Sect. 2 and Heil and Karban

2010). Because all plants that have been investigated so far are capable to release

VOCs after enemy attack and as so many plants respond to these compounds once

they are present in their headspace, it appears reasonable to assume that the

majority of plants will also respond to the same cues when they are released from

their own leaves.

Within-plant signalling via airborne cues likely represents a general phenome-

non that has been overseen due to the lack of adequate controls in the traditional

studies on systemically induced resistance. We can expect, however, that the

phenomenon is more important in large and anatomically complex plants because

here the plant-internal distance between two spatially neighbouring leaves (see

Fig. 1) can easily amount to several meters or even tens of meters (imagine two

spatially neighbouring leaves that insert at the tips of two neighbouring branches:

an internal signal would have to move from the damaged leaf down to the trunk and

then up the neighbouring branch in order to reach the leaf in danger). Intriguingly,
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those four plant species for which the phenomenon has been reported by now

represent a liana (lima bean), two shrubs (sagebrush and blueberry) and a tree

species (poplar). Future studies should screen plants representing different taxo-

nomical groups, life history strategies and anatomical types, in order to investigate

whether within-plant signalling by volatiles represents a common or a rare phe-

nomenon and whether its importance relative to vascular signalling depends on

plant anatomical features.
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Tumlinson JH, Paré PW, Turlings TCJ (1999) Plant production of volatile semiochemicals in

response to insect-derived elicitors. In: Chadwick DJ, Goode JA (eds) Insect–plant interactions

and induced plant defence. Wiley, Chichester, pp 95–109

Turlings TCJ, Lengwiler UB, Bernasconi ML, Wechsler D (1998) Timing of induced volatile

emissions in maize seedlings. Planta 207:146–152

Turlings TCJ, Tumlinson JH, Lewis WJ (1990) Exploitation of herbivore-induced plant odors by

host-seeking parasitic wasps. Science 250:1251–1253

Turlings TCJ, W€ackers FL (2004) Recruitment of predators and parasitoids by herbivore-injured

plants. In: Cardés RT, Millar JG (eds) Advances in insect chemical ecology. Cambridge

University Press, Cambridge, pp 21–75

Van Bel AJE, Gaupels F (2004) Pathogen-induced resistance and alarm signals in the phloem. Mol

Plant Pathol 5:495–504

van Hulten M, Pelser M, van Loon LC, Pieterse CMJ, Ton J (2006) Costs and benefits of priming

for defense in Arabidopsis. Proc Natl Acad Sci USA 103:5602–5607

van Loon JJA, de Boer JG, Dicke M (2000) Parasitoid-plant mutualism: parasitoid attack of

herbivore resistance increases plant reproducion. Entomol Exp Appl 97:219–227

Walling LL (2000) The myriad plant responses to herbivores. J Plant Growth Reg 19:195–216

Walters D, Heil M (2007) Costs and trade-offs associated with induced resistance. Physiol Mol

Plant Pathol 71:3–17

Yi H-S, Heil M, Ballhorn D, Ryu C-M (2009) Airborne induction and priming of plant resistance

to a bacterial pathogen. Plant Physiol 151(4):2152–2161

112 M. Heil



Volatile Interactions Between Undamaged

Plants: Effects and Potential for Breeding

Resistance to Aphids

Inger Åhman and Velemir Ninkovic

Abstract Various theories about why vegetational diversity may affect herbivore

abundance have been put forward over the years. In this chapter, we discuss one

possible mechanism that has not been widely studied, involving plant volatiles and

using an aphid (Rhopalosiphum padi L.) and one of its hosts (Hordeum vulgare L.,
barley) as test organisms. Volatiles from neighbouring plants of a different species

or even from plants of the same species have been found to alter aphid acceptance

of the receiving plant. Similar effects have been found earlier with volatiles from

damaged plants, but here the volatile-emitting plants are apparently undamaged.

In the majority of plant combinations tested, host acceptance is decreased but only

when certain emitters are combined with certain receivers. Exposure of barley to

volatiles from the common weeds Chenopodium album L., Cirsium spp. and

Solanum nigrum L. resulted in reduced host acceptance by the aphid, but exposing

barley to volatiles from many other weed species had no effect. The same was true

for intra-specific interactions; only when certain barley genotypes were exposed to

volatiles from specific barley genotypes did the aphids respond differently. Such

induced effects correlated with aphid growth rates in a set of barley genotypes

representing a wide range of host suitability to the aphid. Pedigree information

suggested that the ability to become induced is heritable in barley, something that

might be exploited in breeding. More crop/pest combinations should be investi-

gated for these effects, and favourable interactions should be exploited in new

cropping systems as plant mixtures or in monocultures with chemical elicitors

applied according to forecasts of pest attacks.
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1 Introduction

Volatile interactions between plants and their effects on associated organisms have

been studied intensively during the last 25 years, focusing mainly on signalling

between damaged plants as volatile emitters and responding undamaged plants. In

response to damage, plants produce specific volatile blends of organic compounds

(VOCs) that may induce changes in the chemistry of undamaged plants, making

them less suitable to herbivores and more attractive to herbivore natural enemies

(e.g. Bruin et al. 1992; Arimura et al. 2000; Karban et al. 2000; Engelberth et al.

2004; Ruther and Kleier 2005; Baldwin et al. 2006; Dicke 2009). Recent emphasis

has been placed on within-plant rather than between-plant volatile signalling,

interpreted as a means for plants to react promptly after damage (Karban et al.

2006; Frost et al. 2007; Heil and Bueno 2007; Heil 2008, 2009; Heil and Ton 2008;

Chapter ‘Within-Plant Signalling by Volatiles Triggers Systemic Defences’).

However, volatile interactions occur not only between herbivore-damaged and

undamaged plants and plant parts but, undamaged plants have also been found to

induce responses in their neighbours (Ninkovic et al. 2006). Since this type of

chemical interaction between visibly undamaged plants may affect other organisms

at higher trophic levels, i.e. herbivores and their natural enemies, it has been termed

allelobiosis (Pettersson et al. 2003; Ninkovic et al. 2006; Chapters ‘Volatile Inter-

action Between Undamaged Plants: A Short Cut to Coexistence’ and ‘Volatile

Chemical Interaction Between Undamaged Plants: Effects at Higher Trophic

Levels’) in analogy with allelopathy for plant-competitive interactions (Rice

1984). That the plant volatiles induce responses in neighbouring plants, which in

turn can influence the quality of plants as hosts has been shown using aphids

(reviewed in this chapter) and their natural enemies (Chapter ‘Volatile Chemical

Interaction Between Undamaged Plants: Effects at Higher Trophic Levels’) as test

organisms. Other adaptive explanations for why plants may respond to their

neighbours’ volatiles are discussed in the chapters by Ninkovic and Heil.

In the present chapter, consequences of intra- and inter-specific plant volatile

interactions for aphid host plant relations are discussed (Fig. 1). It is typical for

allelobiosis that only certain combinations of volatile emitters and receivers have

been found to affect aphid and natural enemy responses. The prospects for exploiting

these interactions for breeding and deploying aphid resistant cultivars are discussed.

2 Aphids as Herbivores in Plant–Plant Chemical Interactions

There are many severe plant pests among the aphids, and the majority of these are

specialised on crop plants within one plant family (Blackman and Eastop 1984).

In the process of host plant location and selection, aphids make use of plant chemical

information (Pettersson et al. 2007) and they are also very sensitive to changes in the

physiological status and quality of their host plant during subsequent growth and
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reproduction in successive generations (Risebrow and Dixon 1987; Douglas and van

Emden 2007). Aphids feed from the phloem via their stylet.While probing, their long

flexible mouthparts may puncture plant cells but compared to insects with chewing

mouth parts, they inflict very little mechanical damage on their host (Walling 2000).

Nevertheless, changes in plant gene regulation have been recorded as early as 2–6 h

after aphid attack (Zhu-Salzman et al. 2004; Couldridge et al. 2007). Aphid-induced

plants are often less acceptable and less suitable for subsequent exploitation by

aphids (Prado and Tjallingii 1997; Messina et al. 2002; Messina and Bloxham

2004), and part of the ‘reluctance’ of new potential colonisers might be due to

aphid-induced plant volatiles. Such volatiles can induce neighbouring non-infested

plants to become less attractive (Pettersson et al. 1996), in a way similar to that shown

for leaf-chewing herbivores (e.g. Engelberth et al. 2004). Whether the same inducing

compounds or blends are inducers of both plant and aphid responses is not yet known.

3 Effects of Plant Diversity on Herbivore Abundance

In nature, plants generally grow in diverse combinations of species. Seldom is

diversity as low as in farmers’ fields.Mixing of species or varieties has been suggested

as a means for reducing effects of pests and diseases in agriculture. An effect of plant

diversity has indeed been found, both in natural (e.g. Koricheva et al. 2000; Haddad

et al. 2001; Otway et al. 2005) and agricultural ecosystems (Andow 1991; Power

1991; Zhu et al. 2000; Mundt 2002; Ninkovic et al. 2002; Underwood and Rausher

2000, 2002; Cadet et al. 2007), although not in every case studied (Andow 1991;

Fig. 1 Aphids can be affected by volatile interaction between undamaged plants
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Jokinen 1991; Mercer 2006). Various explanations for such effects have been put

forward. Companion plants may favour natural enemies if they provide additional

food or other resources (Root 1973), and herbivores can face problems finding their

correct host plants in plant mixtures. This could in turn be explained by non-hosts

functioning as physical obstacles, greater distances between suitable host plants in a

mixture (Root 1973; Bach 1980), and non-host odours repelling insects or masking

attractive host odours (Tahvanainen and Root 1972; Thiery and Visser 1987). Indirect

effect of plant volatiles, inducing plant neighbours to become more resistant, is a

further possibility. When plant genotypes grow together there is potential for interac-

tions via plant chemicals (e.g. Uvah and Coaker 1984), both volatile and non-volatile.

While differences between the plant genotypes in allelopathic ability via root exudates

has been investigated intensively (e.g. Bertholdsson 2007), plant genotype-dependant

aerial volatile interactions have not been widely studied.

3.1 Effects of Inter-Specific Allelobiosis on Aphids

There are relatively few studies on the effects of inter-specific interactions between

plants on aphids in natural ecosystems. One example is black rush, Juncus gerardi
Loisel, that reduces the stress effects of salinity and water logging on the marsh

elder shrub, Iva frutescens L., increasing its photosynthetic rate and host plant

quality for the aphid Uroleucon ambrosiae (Thomas). Elder shrub plants without

rush as a neighbour were more affected by physical stress, and this correlated with

lower aphid population growth rate, suggesting that interactions among plant

species can have strong effects on the quality of the host plant (Hacker and Bertness

1996).

In agricultural ecosystems, plant species mixtures have been found to decrease

aphid abundance in squash in maize/bean/squash mixtures compared to monocul-

ture (Andow and Risch 1985). The explanation was lack of suitable, old, leaves in

the plant mixture due to neighbour shading effects. In another example, barley

acceptability to the aphid Rhopalosiphum padi L., (Fig. 2), was reduced when the

weed, Chenopodium album L., was grown in mixture with barley (Ninkovic et al.

2009). This effect was at least partly attributable to volatiles released from C. album
inducing lower plant acceptance to the aphid. Volatiles from the weeds Cirsium spp.

(Glinwood et al. 2004) and Solanum nigrum L. also caused reduced aphid accep-

tance of barley, but volatiles from several other tested weed species had no effect

(Ninkovic et al. 2009). VOCs emitted by these weeds had no direct repellence to R.
padi, suggesting that certain weed VOCs may induce a response in barley that in

turn reduces its acceptability to the aphid. Thus, the change in aphid plant accep-

tance is probably a result of aphid assessment of host plant status, and this may be

adaptive if it coincides with changes in host quality. Indeed, aphid growth rate was

lower on barley plants exposed to volatiles from C. album than on unexposed plants

(Ninkovic et al. 2009). The evolutionary background to this type of plant communi-

cation is not clear, but aphids are unlikely to be the prime target for these induced
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plant changes since the presence of a neighbouring plant does not necessarily imply

an imminent aphid attack. A more likely explanation may be that the plant is

preparing for competition with the surrounding plants (see Chapter ‘Volatile Inter-

action Between Undamaged Plants: A Short Cut to Coexistence’). Since neighbour-

ing plants are likely to compete for limited resources, emitted volatiles can have an

informative value for eavesdropping neighbours and act as stimuli for adaptation in

order to reduce negative effects of competition with the emitter. The reduced

attractiveness to aphids could then be a side effect of physiological processes in

the responding plant. This theory is supported by the fact that volatile-exposed

plants allocate relatively more resources to the build-up of roots (Ninkovic 2003),

which might leave the shoot with a lower nutritional value. In a field experiment, the

presence of C. album did not have any negative effect on barley yield compared to

weed-free barley plots (Ninkovic et al. 2009), supporting the neighbour-adaptation

interpretation. Inter-specific interactions between certain weeds and barley have

also been found to affect natural enemies of aphids, resulting in greater attraction to

volatile-exposed plants (see Chapter ‘Volatile Chemical Interaction Between

Undamaged Plants: Effects at Higher Trophic Levels’).

3.2 Effects of Intra-Specific Allelobiosis on Aphids

Intra-specific genetic variation in plant populations can also have implications for

the growth of aphid populations. This effect depends on the particular plant

Fig. 2 Bird cherry-oat aphid (Rhopalosiphum padi)
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genotypes involved, and the variation in quality among plant genotypes can have

non-additive effects on aphid population size (Underwood 2009). Another possible

example of this is the significantly lower incidence of aphid-transmitted plant

viruses in genetically diverse stands than in genetically homogeneous ones, likely

a result of more aphid movement and less of phloem sap ingestion when plant

genotypes vary from plant to plant (Power 1991).

It is now well known that volatile profiles can differ between varieties of the

same crop plant (Elzen et al. 1986; Hernandez et al. 1989; Rapusas et al. 1996;

Geervliet et al. 1997; Wang and Kays 2002; Scutareanu et al. 2003; Degen et al.

2004; Nissinen et al. 2005; Mewes et al. 2008; Weaver et al. 2009). The first

evidence for genotype-dependent intra-specific plant interactions via specific vola-

tile blends from apparently undamaged plants was found when barley cultivars

were exposed to VOCs from other cultivars, and only certain combinations resulted

in the VOC-exposed plants becoming significantly less acceptable to the aphid

R. padi (Pettersson et al. 1999). Self-exposure, plants treated with VOCs from the

same cultivar, also reduced plant acceptability to the aphid, but again only when

certain cultivars were self-exposed (Pettersson et al. 1999; Ninkovic and Åhman

2009). After screening hundreds of barley genotype combinations, certain patterns

have emerged. Some genotypes most often function as inducers, whereas others

most often function as responders (Table 1). Another pattern observed is that older

varieties have a higher tendency to respond to VOCs, whereas more recent cultivars

tend to be better inducers (Martin Kellner, 2009, personal communication). A

further observation is that aphid growth in a screening test for R. padi resistance
correlated with aphid acceptance of those barley genotypes when they were induced

by VOCs from Alva, a cultivar known to be able to induce other cultivars (Fig. 3;

Ninkovic and Åhman 2009). In this set of plants there were 19 barley genotypes of

which six responded with significantly reduced acceptance by R. padi after Alva-
exposure, and four of these also supported significantly lower aphid growth. This

set included the so far unique example of a barley genotype which became signifi-

cantly more attractive to R. padi after barley volatile exposure. This line supported

Table 1 Varietal effects of volatile exposure in barley influencing host acceptance of the aphid

Rhopalosiphum padi (Ninkovic et al. 2002; Ninkovic and Åhman 2009; and unpublished)

Volatile receiver

Volatile emitter Alva Lina Kara Barke Scan. Frieda Prest. Isabe. Seba. Chris. Hulda

Alva # # ns ns

Lina ns ns ns ns ns

Kara ns ns

Barke # ns # ns ns ns

Scandium ns ns ns ns

Frieda ns # ns ns ns

Prestige ns ns ns

Isabella ns ns # ns # ns ns

Sebastian ns ns ns ns

Christina ns ns # ns ns

Hulda # ns

Arrows indicate significantly reduced aphid acceptance and ns no significant effect
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the second highest aphid growth rate among the 19. Since this reaction to barley

volatiles is so rare, only volatile-induced reductions in aphid acceptance are

considered when the term allelobiosis is used.

In all of the above examples, young, apparently undamaged plants were com-

bined and tested in the laboratory. When pairs of barley genotypes selected for

allelobiosis effects indoors were tested in mixtures under field conditions, reduction

of plant acceptance to aphids was confirmed and aphid population growth rate

reduced, but not in all combinations (Ninkovic et al. 2002). Plant volatiles inducing

resistance in neighbouring plants is one possible explanation why certain plant

genotype mixtures may sustain less biotic damage, and often have higher yields

than the mean of the individual varieties grown in monoculture (cf. e.g. Tratwal

et al. 2007; Gustafsson 1953; Mundt 2002; Szumigalski and van Acker 2006).

4 Potential for Exploiting Volatile Interactions Between

Undamaged Plants in Breeding Resistance to Aphids

Aphids are key pests in many crops, damaging plants both directly by feeding and

indirectly by transmitting plant viruses. Efforts to breed for resistance have resulted

in cultivars with resistance to Russian wheat aphid (RWA; Diuraphis noxia
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(Mordvilko)), greenbug (Schizaphis graminum (Rondani)) (Berzonsky et al. 2003),

lettuce aphid (Nasonovia ribisnigri (Mosley)) (Liu and McCreight 2006) and

soybean aphid (Aphis glycines Matsura) (Li et al. 2007). With R. padi it has been
more difficult to reach such a goal. R. padi is a pest of cereals in cold temperate

regions, causing both direct plant damage and secondary damage as a vector of

barley yellow dwarf virus (Blackman and Eastop 1984). It has a wide range of hosts

among grasses. Since this aphid does not cause visible plant symptoms in cereals,

as RWA and greenbug do, selection for resistance is more difficult and time-

consuming. Some attempts to breed for resistance to R. padi have been made

(Weibull 1994; Åhman et al. 2000), and in an ongoing effort to breed for resistance

to R. padi in barley, the selection method is based on measurements of aphid

growth, using a wild barley (H. vulgare spp. spontaneum) accession as resistance

source. Nymphal growth on this wild barley is approximately half of that on

cultivated barley (Delp et al. 2009). Successive generations of back-crossing

(BC) and selection for reduced aphid growth have resulted in barley lines with

lower resistance levels, but still with significantly lower aphid growth rate than on

the susceptible BC-parent (Ninkovic and Åhman 2009). Quantitative trait loci

(QTL) analysis of the F1-population of the initial cultivar x wild barley cross

revealed a QTL explaining ca. 20% of the variation in aphid growth rates (Louise

O’Donoughue, 1994, personal communication). A marker for this QTL is now used

as a primary selection criterion; only lines carrying the marker are further tested for

aphid growth rate.

In most of the BC, the recurrent parent was the cultivar Lina. Coincidently, this

parent is amenable to induction by certain barley volatiles such as those from cvs.

Alva and Barke (Table 1), and two out of three tested resistant BC-lines carrying

Lina-genome responded with significantly reduced acceptance to R. padi after Alva-
induction (Ninkovic and Åhman 2009), indicating that the trait is heritable (Fig. 3).

Even though the allelobiosis-induced type of resistance from Lina and the type of

resistance from wild barley was incidentally combined in some of the breeding lines,

it is highly desirable to be able to combine different types of resistance traits with the

allelobiosis type in a more controlled manner. There are several reasons to strive for

multigenic resistance to aphids. One is that strong monogenic resistance to aphids

such as RWA, greenbug (Berzonsky et al. 2003) and lettuce aphid has been rapidly

overcome. Another is that only a moderate level of resistance to R. padi has been
identified in barley that is possible to use in crosses (Weibull 1987). Thus it is

probably necessary to combine more than one resistance factor in order to obtain

efficient, durable resistance to this aphid. This encourages further efforts to exploit

allelobiosis in the ongoing breeding programme for resistance to R. padi.
However, since it would be evenmore time consuming to screen specifically for the

allelobiosis type of resistance than screening with the aphid growth test, it is of utmost

importance that molecular tools are developed as understanding of the mechanisms of

allelobios is increases. In a QTL-test using a breeding population with variation in the

aphid growth trait but lacking the previously mentioned QTL marker, a further QTL

was detected on a chromosome segment originating from the parent Lina (Cheung

et al. 2010). One possibility is that this chromosomal region is important for the
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allelobiosis responder function in that cultivar. Currently, a microarray analysis of cv.

Lina exposed to cv. Alva is followed up in various ways, to narrow down the number

of candidate genes (Karpinska, 2009, personal communication).

Monoculture is the norm for growing crops, whereas screens for resistance to

pests, as well as to diseases, in breeding programmes are normally carried out with

mixtures of many different plant genotypes. Thus there is a risk for induced effects

via allelobiosis in the screenings, which are then not realised in monoculture in the

field (Ninkovic and Åhman 2009). On the other hand, knowledge about allelobiosis

suggests that it may be favourable to grow combinations of cultivars known to

induce resistance to a key pest, and enhance attraction of its natural enemies

(Chapter ‘Volatile Chemical Interaction Between Undamaged Plants: Effects at

Higher Trophic Levels’). Although allelobiotic responding ability is rarer among

more modern than among older cultivars (Martin Kellner, 2009, personal commu-

nication), it does exist in modern ones (Table 1), which would enable immediate

adoption. Part of the seed industry in Sweden is now using the opportunity to have

their marketed barley varieties screened for allelobiotic abilities in our laboratory

and subsequently tested as cultivar mixtures in field tests for pest abundance, yield

and other agronomic characteristics. Further, if allelobiosis-eliciting volatile blends

become available as formulations, it will also be possible to grow a responding

cultivar in monoculture and apply these formulations, with the timing based on

forecasts of pest attack.

5 Conclusions and Future Prospects

Allelobiosis is a promising mechanism to exploit for developing new means of

aphid control in agriculture and horticulture. Timing of induced resistance is critical

for a sufficient resistance effect in terms of reduced plant damage (Åhman 2009).

A rapid and systemic induced plant response is essential since R. padi, like many

other pests, invades crops during a relatively short time period, after which the

population increases exponentially. Thus it seems as aphid-induced within- and

between-plant responses are too slow to have a significant effect on population

build-up in monocultures. The advantage of allelobiosis is that plants are already

induced when migrant aphids arrive and attempt to settle in the crop, either via plant

mixtures or via well-timed application of volatile formulations. It is still unknown if

the effect of allelobiosis alone is enough to combat all levels of aphid infestations,

but even if it is not, decreased frequency of pesticide use could still be achieved.

The results obtained with barley may be exploited in breeding for further

improved allelobiotic abilities. The screening study performed by Martin Kellner

(2009, personal communication) showed that allelobiotic responding properties are

becoming increasingly rare in modern cultivars. Therefore it is important to identify

the genes responsible for this trait and preserve them in the gene pool.

In the present chapter mostly barley/barley/aphid allelobiosis has been

discussed, but if the theory that allelobiosis is related to plant competition is correct,
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it is likely to be a widespread feature in the plant kingdom. More pest/crop

combinations should be investigated for allelobiotic abilities, and favourable inter-

actions should be exploited in new cropping systems.
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Thiéry D, Visser JH (1987) Misleading the Colorado potato beetle with an odor blend. J Chem

Ecol 13:1139–1146

Tratwal A, Law J, Philpott H, Horwell A, Garner J (2007) The possibilities of reduction of winter

barley chemical protection by growing variety mixtures. Part II. Effect on yield. J Plant Prot

Res 47:79–86
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Communication in Ant–Plant Symbioses

Rumsaı̈s Blatrix and Veronika Mayer

Abstract Plant communication abilities are the subject of intensive research. They

have been particularly investigated in the context of signalling herbivore activity

and responding to these signals. In this chapter, we review the current knowledge on

communication between plants and ants in ant–plant symbioses. Chemistry is the

preponderant channel in ant–plant communication. Communication is identified in

five contexts: the selection of seeds by ants to sow ant-gardens, the detection of the

host plant by founding queens, the discrimination of the host plant by the inhabiting

ants to prune exogenous vegetation, the selective continuous patrolling on young

shoots by workers and the damage-induced ant-mediated plant protection. Implica-

tions of communication for the evolutionary ecology of ant–plant symbioses are

discussed and directions for future research are given.

1 Introduction

Plants have long been considered as passive organisms devoid of sensory activity

and it is only during the last few decades that plant-to-plant communication and the

communication of plants with other organisms have been widely acknowledged.

These types of communication involve plant emission and perception of signals that

are regulated by the same biosynthetic pathways as systemic cell signalling within

plants. It is thus not surprising that they are so widespread. Our long scepticism
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about plant communication is probably due to the nature of the most important

channels of human communication, the visual and auditory channels, which biased

the way we first considered biotic interactions. Plants lack conspicuous visual and

auditory organs, even though they do perceive light. The plant sensory world

is rather driven by chemicals. Our poor capacities in olfaction have blurred our

perception of plant sensitivity until recent technological advances. A major break-

through in the acknowledgement of plant communication occurred in the early

1990s when it was discovered that the emission of plant volatiles could be triggered

by herbivore feeding. The compounds emitted were shown to act as a “cry for help”,

attracting predatory and parasitic species that attack herbivores (Dicke et al. 1990a, b;

Turlings et al. 1990).

Communication can be defined as the exchange of information between indivi-

duals, wherein both the signaller and receiver may expect to benefit from the

exchange (Greenfield 2002). A stimulus can be considered to be a signal if (1)

individuals derive expected net benefits from emitting and receiving the stimulus

and (2) the stimulus has undergone evolutionary modifications that enhance the

benefits derived from providing information to receivers and influencing their

behaviour (Greenfield 2002). Otherwise, the stimulus is considered to be a cue.

The semantic distinction is important for understanding the evolution of communi-

cation. Plant cues used by parasitoids to locate their hosts are beneficial to the plant.

Such cues are expected to evolve towards greater efficiency, and become signals, if

the benefit of attracting parasitoids compensates for the cost of the modification.

These costs may be the direct energetic cost of producing the compounds, and also

indirect costs occasioned by the use of the signal by eavesdroppers, such as

herbivores searching for mates or a host plant (Kalberer et al. 2001). Moreover,

differentiating signals from cues in biological systems may not be straightforward

because a continuum exists between the two and distinguishing traits that result

from selection from traits that are simply by-products may prove difficult. It is thus

important to take into consideration plant characteristics that may at first appear to

be mere cues because they could in fact be true communication signals or represent

early stages in signal evolution. In this chapter, we focus on plant stimuli that are

used by their symbiotic ants, regardless of whether they eventually prove to be cues
or signals.

Plants are able to use volatile cues to increase their own fitness either through

direct deterrence of herbivores (by effects on survivorship of their eggs, or oviposi-

tion rate, De Moraes et al. 2001; Kessler and Baldwin 2001) or through communi-

cation between different parts of the same plant and between conspecific or

heterospecific individuals. Undamaged leaves on the same stem of Phaseolus
lunatus (lima bean) plants showed an increase in extrafloral nectar secretion when

they were placed near damaged leaves, but not when volatile organic compounds

were removed from the system (Heil and Silva Bueno 2007). Tobacco plants

primed their defence response against herbivory in reaction to volatile organic

compounds emitted by nearby artificially damaged sagebrush (Artemisia triden-
tata) and experienced less damage than control plants established next to undamaged

Artemisia plants (Karban et al. 2000, 2003). Lima bean leaves infested by mites
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produce volatile compounds that induce the expression of defence genes in conspe-

cific non-infested plants (Arimura et al. 2000, 2001). Moreover, those compounds

are different from those that are released as a consequence of mere mechanical

damage, and only mite-induced compounds trigger the expression of defence genes

(Arimura et al. 2000). The use of volatile signals in within-plant communication

may have evolved because volatile transmission from leaf to leaf is expected to

be more rapid than systemic signal transfer within the vascular system, mainly

because leaves close to each other may be separated by a large branch distance.

Conspecific individuals, or even individuals of other species, may then use these

intra-individual signals as cues to assess the risk of herbivory.

Invertebrates have evolved specific responses to plant cues that increase fitness

of both the animal and the plant. The volatile organic compounds emitted by plant

leaves when attacked by herbivores is a complex bouquet, including, for example,

terpenoids, sesquiterpenoids, green leaf volatiles and aromatic compounds such as

indole and methyl salicylate, and have been shown to be used by parasitoids or

predators as cues for localising their host or their prey (Turlings et al. 1990;

Choh et al. 2004; De Boer et al. 2004; Halitschke et al. 2008). Roots of maize

plants attacked by the Western corn rootworm (larvae of a Chrysomelidae beetle)

emit b-caryophyllene to a much greater extent than when artificially damaged

(Rasmann et al. 2005). b-Caryophyllene was shown to attract an entomopathogenic

nematode, reducing infestation by the rootworm. The fact that the cue used by the

nematode is produced by the plant in greater quantity in response to damage by the

rootworm suggests that this cue is evolving towards a signal.

Plant communication is particularly expected in plant–insect mutualistic sym-

bioses. Symbiosis is usually defined as the interaction between individuals of

different species living together and showing some kind of dependency. It ranges

from parasitism to mutualism. Communication, by definition, should not evolve in

parasitic interactions. Host–parasite interactions involve cues, but it is difficult to

envisage a situation in which a cue emitted by a host and received by its parasite, or

vice versa, would confer benefit on both players. In mutualistic interactions,

however, any cue enhancing reciprocal benefits is expected to evolve into a

communication signal. The shared living of symbiotic organisms makes communi-

cation very efficient because of the potential for immediate responses to signals.

Spatial proximity also allows short distance signals that should be less prone to

eavesdropping, and thus to potential use by enemies. Moreover, the interdepen-

dency of such organisms should rapidly lead to the evolution of an efficient

communication system.

Ant–plant symbioses are good biological models to study plant–insect commu-

nication. The exocrine system is far more developed in social than solitary insects

(Billen and Morgan 1998), and the ant worker has been described as a “walking

battery of exocrine glands” (Hölldobler and Wilson 1990). It is, thus, not surprising

that the communication system of ants is based on chemical compounds. Ants use a

diverse range of volatile compounds as chemical signals, for example acids,

alcohols, aldehydes, esters, hydrocarbons, ketones, pyrazines and terpenoids, to

organise alertness, recruitment, defence, and foraging behaviour (Hölldobler and
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Wilson 1990; Hölldobler 1995; Passera and Aron 2005; Morgan 2009). Further-

more, cuticular hydrocarbons of the body surface serve for discrimination of

nestmates from non-nestmates (Lahav et al. 1999; Greene and Gordon 2007;

Guerrieri et al. 2009), for identification of worker eggs and assessment of queen

fertility (Endler et al. 2004; Howard and Blomquist 2005; Endler et al. 2006) and

for recognition of their dead (Choe et al. 2009). Although ants and plants belong to

different kingdoms, they use the same alphabet as a base for communication and

cooperation.

Ant–plant symbioses can be categorised into two types: ant-gardens and

ant–myrmecophyte interactions. Both types display a series of interesting examples

of ant–plant communication. They are only known in the tropics, and have evolved

many times independently. Ant–myrmecophyte interactions involve more than 100

genera of angiosperms and 40 genera of ants, and they are important components of

tropical communities (Davidson and McKey 1993).

Ant gardens are associations of epiphytes and arboricolous ants, in which the

ants build carton nests rich in organic material. They incorporate seeds of epiphytes

that then grow on the nest. The growing epiphytes constitute what is called an “ant-

garden”, because the ants literally sow seeds and thus control the composition of the

plant community. Myrmecophytes, or ant–plants, are plants that offer shelter and

food -directly or indirectly- to host ants. They usually have specialised preformed

hollow structures, called “domatia”, of various morphological origins, including

stem, petiole, leaf blade, stipule, root or rhizome (Jolivet 1996). Many ant–plants

additionally provide food in extrafloral nectaries (numerous species), glandular

trichomes (e.g. Clidemia, Tococa) or specialised food bodies derived from emer-

gences (Cecropia, Macaranga, Piper) or leaflet tips (genus Vachellia ¼ former

American Acacia subg. Acacia, McNeill et al. 2005).

Nesting sites are one important benefit that ants receive in their interaction with

plants. In ant gardens the roots of the epiphytes penetrate into the carton nest and

constitute a solid structural framework for the nest. In ants associated with myrme-

cophytes, at least part of the colony inhabits the hollow structures of the plant. In

specific associations a single ant colony occupies one to several individuals. In

many cases, the workers restrict their foraging activity to their host plant and do not

even go to the ground.

The ants also benefit from the nutrition offered by the plants. Ant-garden

epiphytes can produce floral and extrafloral nectar as well as elaiosomes and fruit

pulp that the ants consume (Kleinfeldt 1978). Many myrmecophytes produce

extrafloral nectar, consisting primarily of aqueous solutions of mono- and disac-

charides (fructose, glucose and sucrose) and free amino acids. Extrafloral nectar is

an important resource for their resident ants (Gonzalez-Teuber and Heil 2009).

Some also provide their ant symbionts with food bodies which contain various

nutritionally valuable compounds (Heil et al. 1998; Fischer et al. 2002; Heil et al.

2004a). Even if no direct food rewards are produced, the ants get nutrients indi-

rectly by rearing hemipteran trophobionts. The Tetrathylacium macrophyllum/
Azteca brevis, Cordia/Azteca and Tachigali/Pseudomyrmex associations are

some of the numerous systems in which plant–ants tend hemipterans (coccids or
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pseudococcids) (see Gullan 1997, Table 1.3.5.3), even if some of them receive

direct plant food rewards. Hemipteran honeydew provides an important source of

carbohydrates, and some plant–ants seem to harvest the insects themselves for

proteins and lipids (Carroll and Janzen 1973).

Plant benefits are also of two types: (1) Nutrition. The roots of ant-garden

epiphytes penetrating into the carton nest find nutrients there. Those nutrients

come from the carton itself and from refuse accumulated by the ants. Ant refuse

contains ant faeces, discarded pieces of arthropod prey, dead colony members, and

other wastes. In a number of studies of myrmecophytes, nutrient transfer from the

ant refuse to the host plant has been demonstrated (reviewed in Rico-Gray and

Oliveira 2007). First thought to be restricted to epiphytic myrmecophytes, nutri-

tional mutualism now appears to be a widespread phenomenon in free-standing

myrmecophytes (Fischer et al. 2003; Rico-Gray and Oliveira 2007). (2) Plants

benefit from protection. As ants are fierce predators they provide to their host plants

anti-herbivore protection (Gaume et al. 1997; Gaume and McKey 1998; Heil et al.

2001; Rosumek et al. 2009). The protective behaviour of ants has been demon-

strated in numerous cases by comparing herbivory in ant exclusion experiments,

showing that ant–plants with artificially removed ants suffer a considerably higher

degree of herbivory than plants with their mutualistic ants (Moraes and Vasconcelos

2009; see also reviews in Davidson and McKey 1993; Heil and McKey 2003;

Rosumek et al. 2009). Ants are efficient at discovering and removing eggs of

herbivores (Letourneau 1983; Fiala et al. 1989). Some of them are even efficient

against mammalian herbivores (McKey 1974a; Madden and Young 1992). They

also protect their host plants from fungal pathogens (Letourneau 1998) and com-

peting vegetation through the pruning of encroaching vines and surrounding plants

(Janzen 1969; Davidson et al. 1988; Renner and Ricklefs 1998). The protection

provided to hosts, however, differs depending on the occupant ant species (Djieto-

Lordon et al. 2004; Dejean et al. 2006).

In the following text, we will review and discuss the two major contexts in which

communication has evolved in ant–plant symbioses: (1) in the discrimination of

host versus non-host plants, including the choice of suitable epiphyte seeds in

assembling ant-gardens, the location of myrmecophyte hosts by founding queens

and the pruning of exogenous vegetation; and (2) in the optimisation of protection

against herbivores by synchronising ant activity with herbivore presence and by

directing ant attention to more valuable and/or more vulnerable organs and to

attacked plant parts.

2 Host-Plant Discrimination

2.1 Sowing the Right Partner

Ant-gardens involve obligate and specific associations between certain species of

ants and plants. To initiate and grow the garden, ant workers have to choose among

Communication in Ant–Plant Symbioses 131



a large set of seeds because they use only a few species. The plant would benefit

from facilitating the task of the ants. Thus, the ant is under selective pressure for

choosing the right seeds to bring back to the nest, and the plant is also under

selective pressure for displaying a signal easily recognised by the ants. This makes

ant-gardens prone to the evolution of a specialised signal for host-plant recognition.

This expectation was pointed out by Davidson (1988), who showed that Camponotus
femoratus, the inhabiting ant species, actively collected seeds of the epiphyte

species with which they are associated. Ants were even observed collecting seeds

directly from the infructescences. Subsequent work identified candidate compounds

for signalling but behavioural tests with synthetic compounds gave ambiguous

results (Davidson et al. 1990; Seidel et al. 1990). Youngsteadt et al. (2008)

combined chemical analysis, electroantennography and behavioural tests to dem-

onstrate that Camponotus femoratusworkers were attracted to seeds from a distance

by a blend of five volatile organic compounds. However the synthetic blend alone

did not elicit seed transport, indicating that other cues are involved in the complete

behavioural sequence. Seeds from unrelated ant-garden plants displayed similar

compounds (Seidel et al. 1990; Youngsteadt et al. 2008), one of which, methyl

6-methylsalicylate (6-MMS), is not known in other plants. Moreover, 6-MMS is

known to act as a semiochemical of several ant species (Morgan et al. 1990; Kohl

et al. 2000; Greenberg et al. 2007), and was found in heads of Camponotus
femoratus males as well as in heads of other Camponotus species. (Seidel et al.

1990). Several other facts indicate that a specific communication signal has evolved

between Camponotus femoratus and its epiphyte associates: (1) Seeds of Peperomia
macrostachya, one of the most common epiphytes in Neotropical ant-gardens, are

very rarely dispersed by organisms other than Camponotus femoratus (Youngsteadt
et al. 2009), (2) Camponotus femoratus does not seem to be attracted to seeds of

plants other than its hosts (Davidson 1988; Youngsteadt et al. 2008), and (3) the

food reward of the elaiosome is not responsible (in terms of proximate mechanism)

for the attractiveness of the diaspore. Indeed, behavioural tests showed that ant-

garden ants were still attracted to seeds from associated epiphytes, even when the

elaiosomes were removed (Davidson 1988; Orivel and Dejean 1999; Youngsteadt

et al. 2008). Besides a specific communication signal, we may expect compounds

repelling non-symbiotic ants to have evolved. This remains to be investigated, but

the facts that a compound present in Peperomia macrostachya seeds is toxic to

various ants and that diaspores are not collected by other ants despite the presence

of a fleshy aril attached to the seed (Lemaire et al. 1990; Youngsteadt et al. 2009)

give some clues.

2.2 Finding the Right Host Plant: Better to Look for a Needle
in a Haystack?

Horizontally transmitted symbioses, such as ant–plant symbioses, involve organi-

sms that reproduce and disperse independently. Horizontal transmission has an
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important consequence for the ecology and evolution of ant–myrmecophyte asso-

ciations: the partners have to find each other anew at each generation. Over

evolutionary time, this is expected to have led to the use of plant cues by the

founding queens to find a suitable host plant. This is particularly relevant in the

cases where the ant and the plant are obligate and specific associates. Mature

colonies of many ant species are known to produce hundreds of males and winged

females that mate during massive synchronised swarming flights (Hölldobler and

Wilson 1990). This strategy has probably been selected in response to a high

predation risk. In fact, a very low proportion of queens succeed in founding a

new colony. In Allomerus octoarticulatus, a plant–ant colonising Cordia nodosa,
only 3% of the young queens survive from nuptial flight to 1 year after colony

founding (Frederickson 2006). Nuptial flights of plant–ants are rarely observed, and

are thus not well known, but from Pseudomyrmex sp. living on Vachellia (¼Acacia)
and from Crematogaster sp. living on Macaranga it is known that some plant–ants

produce and disperse sexuals rather continuously (Janzen 1967; Fiala and Maschwitz

1990), whereas Allomerus octoarticulatus on Cordia nodosa and Pheidole minutula
living on Maieta guianensis showed a seasonal pattern in their reproduction

(Vasconcelos 1993; Frederickson 2006). Both queen mortality during mating and

searching for a suitable host plant, and the mortality due to competition during

colony founding (Janzen 1973; Fiala and Maschwitz 1990; Federle et al. 1998;

Frederickson 2006) are factors influencing access to reproduction. Since woody

plants have lifespan and generation times usually longer than those of ants, only few

will establish and reach the stage for ant colonisation even if seeds can be produced

in massive numbers. On the other hand, ant queens are ready to found soon after

leaving their natal colony. As a consequence, nest sites are limited and host-plant

populations are saturated with foundresses of the symbiotic ant (Fonseca 1999;

Frederickson 2006). Traits enabling host-plant recognition are thus expected to be

under strong selective pressure because queen success depends on the rapidity of

the foundress in locating and colonising an available host plant. In the host plants,

the strength of selection pressure on signals to attract symbiotic queens should vary

with the ratio between densities of unoccupied plants and of foundresses. If found-

ing queens outnumber available plants, specific signals are not expected to evolve

because the plants will be colonised in any event. Ant queens should thus be able to

recognise their host plant on the basis of cues that have not necessarily been

selected for this function. In this respect, some plant–ants could be faced with

problems similar to those of specialised herbivores: they must rely on unspecialised

cues to find the suitable host within the tangle of greenery. On the other hand, when

there is a reasonable chance that founding queens will not saturate the population of

available plants, it is expected that plants will evolve a specific signal that facilitates

host-plant discrimination. Even if foundresses are super-abundant, selection could

still favour emission by the plant of a strong and specific signal. Plants could

conceivably benefit from attracting numerous foundresses, thereby engendering a

contest for occupancy, in which the most vigorous and protective colony wins.

Studying the behaviour of newly mated winged females during founding is the

best way to determine whether queens use cues to locate their host plant. However,
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such observations remain scarce. In a study on the South-East Asian ant–plant

Macaranga puncticulata associated with Camponotus sp., Federle et al. (1998)

were able to observe queens in the field right after the nuptial flight. They saw that

winged females fly from plant to plant, alighting on leaves for short durations, until

they arrive on their host-plant species. Then they run to the stem and start digging

an entrance hole into a domatium. This behaviour indicates that the ants recognise

their host plant by contact, and that cues detectable at a distance, such as shape or

volatile compounds, are much less important. However, the authors also observed

that a plant protected by a plastic cover was colonised. The queen had to access the

plant from the ground, suggesting that ant–plant queens do not find their host plant

by chance but that volatile compounds might also be involved as cues. Plant–ant

queens and butterflies specialised on host plants that are scattered and inconspicu-

ous face the same problem of locating their host plants. Not surprisingly, they

display similar behaviours. To find a host plant suitable for laying eggs, female

butterflies fly from plant to plant, landing on each until they encounter the host

species (Wiklund 1984). The female butterfly recognises the host plant by contact

with the gustatory organs located in the forelegs.

In ants, the use of choice experiments in an olfactometer demonstrated that

volatile compounds are used by mated queens of Peidole minutula, Allomerus cf.
octoarticulatus and four species of Azteca to orient towards their host plant

(Edwards et al. 2006; Dattilo et al. 2009). But contact cues have also been shown

to be important in the process of host-plant choice (Inui et al. 2001; J€urgens et al.
2006; Dattilo et al. 2009). J€urgens et al. (2006) observed that foundress queens of

Crematogaster associated withMacaranga plants “began walking up and down the
stem several times and sometimes also scrutinised leaves” after landing on a young

plant. They repeated this behaviour with several saplings before choosing their host

plant. Preference experiments using ethyl acetate extracts from the stem surfaces of

Macaranga seedlings showed that such choice could also be triggered by chemical

compounds of low volatility located on the stem surfaces (Inui et al. 2001).

The paleotropical genus Macaranga is one of the few plant genera in which a

sizable radiation of myrmecophyte species has occurred. The genus includes many

myrmecophytic and some non-myrmecophytic species. The interaction between

plants and ants ranges from a loose, facultative non-specific relationship to obligate

myrmecophytic associations (Fiala et al. 1994). This allows comparative studies of

ant–plant signalling in associations involving related species. In a study site where

two Macaranga species were each associated with a unique Crematogaster ant

species, Inui et al. (2001) showed that the queens of each Crematogaster were able
to distinguish their own host among four Macaranga species, on the basis of stem

surface extracts offered to them. J€urgens et al. (2006), who investigated the volatile
compounds from intact leaves of 11Macaranga species, found clear differences in

the volatile odour profile of each species, and ant queens were able to discriminate

their usual host plant in choice experiments, even when confronted with closely

related myrmecophytic taxa. All these experiments with Macaranga support the

hypothesis that both volatile cues and contact cues of low volatility are crucial for

host-plant recognition.
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But how do ant symbionts associated with several plant species deal with host

recognition? Results in this direction could give great insight into the factors

constraining the evolution of host-plant recognition but they are still very scarce.

In a choice experiment with a generalist ant species of Crematogaster, known from
several myrmecophyticMacaranga, some queens choose an unsuitableMacaranga
species instead of their habitual host, a mistake that was not observed with a more

specialised ant species (J€urgens et al. 2006). This suggests that the decision rule in

host discrimination is relaxed in ants with multiple hosts. The benefit of having a

wider spectrum of plant use may however outweigh the cost of recognition errors.

2.3 Discriminating the Host Plant: Self Versus Non-Self?

Workers of several plant–ant species from fewer than a dozen genera protect their

host plant against competing vegetation (see review in Davidson and McKey 1993).

They do it by pruning parts of non-host plants in contact with their host or by

pruning young individuals of non-host plants growing nearby. Pruning is performed

either mechanically with the mandibles through cutting of parts of the intruding

plant parts such as tendrils or shoots, or through destroying the terminal meristem of

the shoot tips of saplings by chewing it to death. Pruning can also be performed

chemically by spraying poison from the venom gland (Morawetz et al. 1992;

Renner and Ricklefs 1998; Frederickson et al. 2005). The most dramatic examples

of plant pruning by plant–ants are the so-called “devil’s gardens” in the Amazonian

rainforest. A devil’s garden consists of a pure stand of ant–plants in the forest

understory, for example Duroia hirsuta, Cordia nodosa, Tococa guianensis or

Clidemia heterophylla, occupied by a single polygynous, polydomous colony of

Myrmelachista ants. Frederickson et al. (2005) report that the largest devil’s garden
they observed consisted of 351 Duroia hirsuta plants that were tended by a single

Myrmelachista schumanni colony comprising as many as three million workers and

15,000 queens. These myrmecophyte monocultures contrast so strongly with the

highly diverse surrounding tropical vegetation that the native people believe they

are gardened by evil spirits of the forest (see Edwards et al. 2009). The selective

destruction of non-host plants is performed by the ants, which bite small holes in

meristematic tissues and leaf veins and release formic acid into these tissues. This

treatment induces leaf necrosis only a few hours after the attack (Morawetz et al.

1992; Renner and Ricklefs 1998; Frederickson et al. 2005).

As plants compete for light and/or nutrients, the behaviour of pruning competing

vegetation is highly beneficial to the host plant. Its more rapid growth in turn has a

positive effect on the growth of the ant colony, which benefits from the production

of new domatia and food (Frederickson andGordon 2009). In devil’s gardens, pruning

facilitates the establishment of new host plants (seedlings and vegetative shoots),

allowing expansion of the colony. Pruning also reduces the access of other ants to the

host plant, thereby limiting ant-ant competition, which is particularly fierce in tropical

environments. In fact, this last factor could be one of themost important for explaining
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the selection of pruning behaviour (Davidson et al. 1988; Davidson andMcKey 1993;

Yumoto and Maruhashi 1999; Federle et al. 2002). Federle et al. (2002) found that

Crematogaster species inhabitingMacaranga host plants with a slippery, waxy stem
surface (which functions as a mechanical barrier against generalist ant competitors)

pruned significantly less than those ants inhabiting plants without a protective

wax barrier. The hypothesis that the principal advantage of pruning is reducing

accessibility to intruders is further supported by the fact that not only intruding

vegetation but also the canopy of the ants’ own host plant may be pruned to minimise

the risk of contact with competitors (Stanton et al. 1999). The latter authors observed

repeated severe conflicts between plant–ant species competing for the same host

tree species, the African Acacia drepanolobium. Competitively dominant plant–ants

from nearby trees attempt to dislodge workers and brood of a less competitive species

from their nests inside the swollen stipular thorns. This less competitive plant–ant

species was also observed to prune the canopy of trees it occupies.

Pruning of competing vegetation means that workers are able to discriminate

their own host plant from non-host-plant species. In devil’s gardens, Frederickson

et al. (2005) observed that host plants introduced from another stand, and from

which domatia had been removed, were not pruned, suggesting that discrimination

was at the species level, and not based on the suitability of the plant for nesting.

Plant signals facilitating this discrimination are expected to evolve because of the

high reciprocal benefits conferred by pruning. Despite this expectation and the fact

that pruning behaviour has been known for several decades, investigation of the

signals that mediate this behaviour is only beginning. Cosio (2009) and co-workers

found that the chemical components on the surface of leaves and stems are

important for the recognition of Triplaris americana trees by their host ants

Pseudomyrmex triplarinus. Filter papers impregnated with cuticular extracts of

Triplaris species pinned to the trunk, received significantly less attention and damage

from the workers than untreated filter papers. This indicates that the plant–ants are

able to recognise the chemicals found on the surfaces of their host plant.

Ants discriminate non-nestmates from the chemical profile they bear on the

cuticle (Lenoir et al. 1999; Howard and Blomquist 2005). A typical ant cuticular

profile is composed of hydrocarbons, linear and methyl-branched molecules

(alkanes) and sometimes unsaturated molecules (alkenes), with a chain length

ranging generally from 20 to 40 carbon atoms (Guerrieri et al. 2009). All colony

members have a similar chemical profile called the “colony visa”. Variation in the

identity and relative proportions of those hydrocarbons allows for each colony to

have its own visa. Nestmate discrimination is possible via antennation or at a short

distance (Cuvillier-Hot et al. 2005; Brandstaetter et al. 2008). Moreover, the colony

visa is learned, and is also partly acquired by individual ants at emergence (Lenoir

et al. 1999). The primary function of both insect and plant cuticular lipids is to limit

water loss (Hadley 1994; Raven and Edwards 2004). In social insects the need for

communication has led to the use of cuticular hydrocarbon blends as a communi-

cation signal. As ant imagos emerge in contact with the plant surface, it could be

that they learn the plant chemical profile along with the colony visa. However, this

still remains to be demonstrated.
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3 Signalling for Anti-Herbivore Protection

3.1 Induced Defence: Signalling Herbivore Activity
to Defending Ants

Plant defences can be classified as direct or indirect. Direct defences are traits

produced by the plant itself that act against herbivores or pathogens. Indirect

defences, the subject of this paragraph, involve defence of the plant by a third

party attracted by plant traits. Both direct and indirect defences can be either

constitutive or induced. Constitutive defences are those that are displayed continu-

ously, while induced defences are produced in response to particular stimuli such as

those resulting from herbivory or volatile organic compounds emitted by neigh-

bouring plants. Induced indirect defences involve the production of food rewards,

the emission of volatile organic compounds, or both. The attraction of predators or

parasitoids by herbivore-induced plant volatiles has been widely documented and

results have been summarised in several reviews (Turlings and W€ackers 2004;

Arimura et al. 2005; Heil 2008). In a number of cases it has been shown that the

production of extrafloral nectar can be induced by herbivory or by signals from

neighbouring plants (review in Agrawal and Rutter 1998; Heil 2008). An increase

in nectar production leads to higher levels of attendance by ants (Passera et al.

1994) which deter or prey upon herbivores when patrolling the plant for food

rewards. W€ackers et al. (2001) showed that the inducing effect of herbivory on

extrafloral nectar production is often restricted to the damaged leaf and helps in

actively guiding ants to the site of attack. Nevertheless, extrafloral nectar by itself is

a rather imbalanced diet. Low amino acid levels, or the absence of certain essential

amino acids, forces nectar-consuming ants to seek out supplementary protein

sources. In a series of baiting experiments it could be shown that access to relatively

carbohydrate-rich baits increased the effectiveness of ants as predators compared to

colonies with access to protein (Ness et al. 2009). The plants’ increase of extrafloral

nectar production has, therefore, a double effect: not only is ant presence aug-

mented, but also their aggressiveness as predators.

Damage to plants is known to induce immediate recruitment by ants resident in or

patrolling on the plant (reviewed in Rico-Gray and Oliveira 2007; Heil 2008). This

was shown in host-generalist arboreal ants that build carton nests in various tree

species (Dejean et al. 2008b, c), but it has been best studied in ant–plant symbioses.

Herbivore-induced defence by ants seems to be more efficient in myrmecophytes

than in ant-gardens (Vantaux et al. 2007). We will thus focus on myrmecophytes.

The two most important cues that seem to be used by plant–ants to locate

herbivores are mechanical vibrations and chemical compounds. Although the first

one is the more obvious, it has never been studied in detail. There is ample evidence

that shaking an ant–plant, even gently, results in ant workers swarming out of the

domatia (see for example Madden and Young 1992; Agrawal and Rutter 1998;

Federle et al. 1998; Lapola et al. 2003; Dejean et al. 2008a, 2009). However, the
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precise nature of the mechanical signal has not been investigated. Plant movements

provoked by wind do not affect ant activity, and ant response to physical distur-

bance varies according to its intensity and among ant species. There is thus great

potential for the discovery of herbivore-produced mechanical cues that could be

used by ants to defend their host plant.

Herbivore-induced plant volatiles are other important cues used by ants in the

defence of their host. Many studies have shown that artificial damage to myrmeco-

phytes attracts their resident ants (Fig. 1) (Fiala and Maschwitz 1990; Jolivet 1996;

Agrawal 1998; Federle et al. 1998; Agrawal and Dubin-Thaler 1999; Lapola et al.

2003; Bruna et al. 2004, 2008; Christianini and Machado 2004; Romero and Izzo

2004; Inui and Itioka 2007; Dejean et al. 2008b; Gianoli et al. 2008; Grangier et al.

2008; Mayer et al. 2008; Schatz et al. 2009). These studies have often demonstrated

that ant attraction is similarly triggered by plant sap or by solvent extracts of plant

parts, showing the role of volatile compounds (Fiala and Maschwitz 1990; Agrawal

1998; Agrawal and Dubin-Thaler 1999; Lapola et al. 2003; Bruna et al. 2004;

Christianini and Machado 2004; Romero and Izzo 2004; Bruna et al. 2008). The

emission of volatile compounds for defence is not restricted to myrmecophytic

plants, but there is a big difference in predator-mediated induced defence between

plants – such as myrmecophytes – that attract generalist predators and plants

attracting specialist predators and parasitoids. In the latter, elicitors from herbivore

regurgitants are often required to induce a specific chemical blend that can vary

according to the herbivore species or developmental stage. Natural enemies of these

herbivores readily detect these differences and respond accordingly (Takabayashi

et al. 1995; Du et al. 1996; De Moraes et al. 1998; Powell et al. 1998). Maize plants

emit different blends of volatiles according to the developmental stage of Pseudaletia
separata caterpillars, and the parasitoid Cotesia kariyai is only attracted by blends

emitted under attack by suitable stages (Takabayashi et al. 1995). The specificity of

the volatile compounds emitted by plants attacked by different herbivores may play

Fig. 1 Anti-herbivore

activity of Pheidole bicornis
on stems of Piper ant-plants:
(a) intact, unwounded

internode and (b) recently

wounded internode (the

wound was made with a

scalpel and is visible as a dark

spot in the middle of the

internode)
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a key role in prey location by some parasitoid species (Turlings et al. 1990; De

Moraes et al. 1998; Turlings and W€ackers 2004; Halitschke et al. 2008). Plant–

arthropod communication appears in some cases to be highly specialised, and

probably results from strong selective pressures. Indeed, a communication signal

attracting predators or parasitoids without offering a reward (i.e. high probability of

encountering their specific prey or hosts) would lead to rapid breakdown of the

reciprocal benefits upon which mutualistic specialisation depends.

In myrmecophytes, odour emissions resulting from artificial mechanical damage

or extracts of leaves are sufficient to induce ant response and recruitment; elicitors

from herbivore regurgitants seem not to be necessary (Macaranga/Crematogaster
Fiala and Maschwitz 1990, Cecropia obtusifolia/Azteca sp. Agrawal 1998, Maieta
guianense/Pheidole minutula Lapola et al. 2003, Hirtella myrmecophila/Allomerus
octoarticulatus Romero and Izzo 2004, Piper spp./Pheidole bicornis Mayer et al.

2008, Leonardoxa africana/Petalomyrmex phylax Schatz et al. 2009). This pecu-

liarity of myrmecophytes is probably linked to the fact that ants are generalist

predators, and that the ant mutualists of myrmecophytes are selected to be aggres-

sive in defending their plants against all comers. There is thus no selective pressure

on the plant to fine-tune signalling the identity of herbivores. This suggests that the

ant–plant communication signals should not be threat-specific. It could also explain

why the actual presence of the herbivore seems not to be needed to trigger plant–ant

defence behaviour. However, it has never been tested in ant–myrmecophyte asso-

ciations whether artificial damage is as efficient in inducing ant patrolling as is

damage by actual herbivores. It would be interesting to determine to what extent

blends induced by artificial damage and by real herbivores differ in myrmeco-

phytes, and to test whether they differ less than in other plants.

The ants’ response is influenced by the age and vulnerability of the damaged part

of the host plant, as shown in the Hirtella myrmecophila/Allomerus octoarticulatus
association. The response to extracts of young leaves was much stronger than to

extracts of mature and old ones (Romero and Izzo 2004). The inhabitants of

myrmecophytic Piper species, Pheidole bicornis, reacted much more strongly to

wounding of the stem than to damage to leaves (Fig. 1) (Mayer et al. 2008). The

reaction to the plant signal may thus depend more on tissue identity and relative

value to the plant (and, by extension, to its resident ant colony as well) than on

the herbivore species. In associations with multiple ant species the response to

cues emitted by the host plant varies with identity of the inhabiting ants. The two

plant–ant occupants of Maieta guianensis, Pheidole minutula and Crematogaster
laevis, reacted in different ways to host-plant damage and leaf extract (Lapola

et al. 2003).

Plant–ants usually show a stronger response to damaged leaves or leaf extracts of

their host species than to those of related myrmecophytes (Fiala and Maschwitz

1990; Inui and Itioka 2007; Bruna et al. 2008), indicating some degree of specificity

in ant response. Only a few studies have characterised the nature of volatile blends

induced by damage in myrmecophytes and they only considered artificial damage

(Inui and Itioka 2007; Mayer et al. 2008; Schatz et al. 2009). All volatiles detected

fall into classes of compounds that are well known from induced blends in other
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plants: green leaf volatiles, aromatic compounds and terpenoids. A comparison of

blends emitted from related myrmecophytic and non-myrmecophytic species indi-

cates that the myrmecophytes emit specific blends (Brouat et al. 2000; Mayer et al.

2008). In the bouquet of volatile compounds from wounded stem bark of Central

American Piper myrmecophytes, emission of the sesquiterpenes b-caryophyllene
and germacrene D, and the green leaf volatiles hexanal, cis-3-hexene-1-ol,
2-hexenal, 2-undecanone and 1-hexanol is characteristic of all myrmecophytic

species investigated so far (Mayer et al. 2008). These compounds were not detected

in any of the investigated non-myrmecophytic Piper. In field experiments Pheidole
colonies of a specific host plant reacted to stem pieces of related sympatric

myrmecophytes when these were experimentally attached to the host plant but

not to stem pieces of non-myrmecophytes growing in the same area (Mayer et al.

2008). This indicates that the signal is not plant species-specific within the group

of myrmecophytic Piper. Large P. bicornis colonies are polydomous and it was

observed that they can occupy more than one species of Piper. The defence of

related myrmecophytes from attacks by herbivores is therefore important in the

Piper–Pheidole association.
While selection is not expected to lead to herbivore-specific signals in myrme-

cophytes, it should favour emission of a strong generalised signal communicating

attack, and rapid and marked response of the ants to the signal. Have plant signal

and ant response coevolved? The next step in research on ant–myrmecophyte

communication is the identification of the precise nature of the communication

signal. All the above studies have characterised chemical blends whose emission

is induced by damage in myrmecophytes, but only one has tested response of the

ants to synthetic compounds and mixtures of them (Schatz et al. 2009). This case

is enlightening. Leonardoxa africana subsp. africana is a myrmecophyte endemic

to coastal rainforests of Cameroon (McKey 2000). It is obligatorily associated

with the ant Petalomyrmex phylax, which protects the tree against herbivores

(Gaume et al. 1997). The plant’s young leaves are patrolled continuously (McKey

1984). The very closely related subspecies, Leonardoxa africana subsp gracili-
caulis, does not have domatia. Analysis of brief hexane washes of intact leaves

intended to collect molecules only from leaf surfaces, highlighted a specificity

of young leaves of Leonardoxa africana: they bear a high proportion of methyl

salicylate, which was found only as traces on young Leonardoxa africana graci-
licaulis leaves and not at all on mature leaves of the myrmecophyte (Brouat

et al. 2000). In addition, Schatz et al. (2009) showed that in the myrmecophyte

ant recruitment was induced by damage to mature leaves, which produce methyl

salicylate among other damage-induced volatiles. Moreover, synthetic methyl

salicylate alone produced the same effect. Methyl salicylate is thus the communi-

cation signal for ant-mediated defence in the myrmecophyte Leonardoxa africana.
This compound is widely found in the plant kingdom, where it often functions as a

herbivore- and pathogen-induced volatile attracting parasitoids and predators

(Dicke et al. 1990b; Shulaev et al. 1997; Zhu and Park 2005; Sasso et al. 2009).

This illustrates our expectation that signals between myrmecophytes and ants to

guide patrolling behaviour of the latter do not need to be specific.
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A characteristic of ant–myrmecophyte symbioses is the short lag time – often

spectacularly short in comparison to other tritrophic plant–herbivore–predator

interactions – between plant damage and ant behavioural response. This short lag

time is due not solely to the constant presence of ants on these plants (and thus do

not have to be attracted from a distance), but also to the more rapid emission of the

signal by the plant. In non-myrmecophytes the induced production and release of

volatiles lasts typically for several hours (Metlen et al. 2009). Many ant species

display efficient recruitment behaviour in the context of nest defence or food source

exploitation. Once a worker has detected a herbivore on its host plant, there is no

need for the myrmecophyte to continue to “cry for help”. In ant–plant symbioses we

predict a negative correlation between the duration of the emission of herbivore-

induced plant volatiles and the efficiency of recruitment of the inhabiting ant.

Moreover, ants have good learning capabilities. We may expect them to respond

more quickly to the plant signal if they associate the signal with the presence of

herbivores. In such a case, there is no need for a long-lasting signal. The natural

enemies of herbivores attracted by non-myrmecophytes are at an unpredictable

distance from the plant. In contrast, myrmecophytes have their bodyguards already

on site. This is a great advantage for the rapidity of the protective response. All

studies reported ant attraction within less than five minutes (Fiala and Maschwitz

1990; Agrawal 1998; Federle et al. 1998; Agrawal and Dubin-Thaler 1999; Lapola

et al. 2003; Bruna et al. 2004; Christianini and Machado 2004; Romero and Izzo

2004; Inui and Itioka 2007; Dejean et al. 2008b; Grangier et al. 2008; Mayer et al.

2008; Schatz et al. 2009), and the signal appears to be produced immediately upon

damage. Lag times for emission of herbivore-induced volatiles by non-myrmeco-

phytic plants are much longer; lag times of a few hours are considered rapid (Metlen

et al. 2009). Lag time greatly depends on compound class, green leaf volatiles being

the first released, and terpenoids coming hours later (Turlings and Tumlinson 1992;

Turlings et al. 1995). It also depends on whether the compounds are stored in plant

tissues or whether they are synthesised de novo. Non-myrmecophytic plants may

need to produce blends that are herbivore-specific. Storage of several specific

compounds is likely to be more expensive than storage of a single generalised

signal, as in myrmecophytes. There are thus two explanations, not mutually exclu-

sive, for the particularly rapid induction in myrmecophytes: the signal is made of

green leaf volatiles that can be emitted rapidly after damage, and/or of other

compounds that are stored structurally.

3.2 Ants as a Constitutive Defence

In addition to functioning as an induced defence against herbivores, ants also

provide constitutive defence in ant–myrmecophyte interactions. Evidence for ants

as a constitutive defence is of two types: (1) ants live permanently on the plant and

many species do not leave their plant to forage for food, (2) certain plant parts are

continuously patrolled by ants in the absence of a food reward.

Communication in Ant–Plant Symbioses 141



Myrmecophytes are characterised by the development of domatia, even in the

absence of ants. Many species also produce food bodies and extra-floral nectar

regardless of the presence of ants. Thus, domatia, food bodies and extrafloral nectar

are constitutive traits, allowing ants to take up permanent residence in the host

plant. Moreover, many plant–ants are obligate inhabitants of their host plant. Ants

are fierce predators, and their presence alone is dissuasive for many herbivores.

This is shown by the fact that non-myrmecophytic plants that bear extrafloral

nectaries, and thus attract ants opportunistically, are better protected against herbi-

vores (review in Heil and McKey 2003): the purpose of the ant visit is to collect

nectar but the consequence is herbivore deterrence. From an evolutionary perspec-

tive, domatia, food bodies and extrafloral nectar in myrmecophytes can be con-

sidered as communication features whose function is to provide the plant with

constitutive defence (i.e. ants). Extrafloral nectar in non-myrmecophytic plants that

attract ants opportunistically can be induced by herbivory. Interestingly, in the

highly diversified genus Vachellia (¼Acacia), extrafloral nectar production is

inducible in species attracting opportunistic ants, and constitutive in myrmeco-

phytes (Heil et al. 2004c). The phylogeny of the genus shows that nectar inducibil-

ity is the ancestral state, providing evidence that the switch from highly inducible to

constitutive nectar flow has evolved along with myrmecophytism.

The other type of evidence that ants provide constitutive defence is the constant

patrolling of young shoots (Fig. 2). In many ant–myrmecophyte symbioses, ants

patrol mostly young shoots, around-the-clock in some cases, even though these

plant parts often do not produce food rewards (Downhover 1975; McKey 1984;

Fiala and Maschwitz 1990; Moog et al. 1998; Gaume and McKey 1999; Christianini

and Machado 2004; Edwards et al. 2007; Grangier et al. 2008). Moreover, the

myrmecophytic Crypteronia and Tachigali do not produce direct food rewards at

all, but their respective Cladomyrma and Pseudomyrmex symbionts still patrol

young shoots (Moog et al. 1998, Blatrix personal observation, Fig. 2). However,

new shoots are often associated with the production of a new domatium. As nesting

space is a limiting factor for colony development (Fonseca 1993; Edwards et al.

2009), it is advantageous for the ants to protect new shoots. So it is very likely that a

signal characterising new shoots has evolved in myrmecophytic species. However,

it has rarely been investigated. Edwards et al. (2007) detected compounds that could

be similar between ant larvae of Allomerus octoarticulatus and new shoots of their

host plant Cordia nodosa. However, the brood-tending caste was attracted to brood
extracts but not to young leaf extracts, and the patroller caste was attracted to young

leaf extracts but not to brood extracts. This showed that any compounds which

might be shared between brood and new leaves were not responsible for ant

attraction. Thus, attraction to new shoots is an adaptation of this ant to its host.

The only case where the signal that elicits patrolling specifically of young shoots

has been identified is the ant–plant Leonardoxa africana and its obligate ant

mutualist Petalomyrmex phylax (Fig. 2). Young leaves produce a large amount of

methyl salicylate, which is barely detectable in the brief hexane washes of intact

mature leaves (Brouat et al. 2000). Moreover, the ants were shown to react strongly

to synthetic methyl salicylate (Schatz et al. 2009). It is noteworthy that the
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production of this compound is induced by herbivory in mature leaves and that the

ants react much less to the other compounds emitted by damaged leaves. Thus, the

same compound is used as an induced signal in mature leaves, and as a constitutive

signal in young shoots. To understand the evolution of such signals, a comparative

analysis of cues displayed by mature leaves and new leaves should be conducted in

a diversified genus containing both myrmecophytes and non-myrmecophytes and

match the divergence of cues used in mature and young leaves, respectively, with

plant phylogeny.

3.3 How Specificity Affects Efficiency

Because of the spatial proximity between the ants and the plant in ant–myrmeco-

phyte symbioses, the ants do not have to discriminate the right signal from a noisy

background expected in a complex environment. Even if cues from surrounding

plants may reach the ants, the strongest ones are likely to be those of the host plant.

Thus, the signals for constitutive and induced defences in myrmecophytes are not

expected to be specific to the plant or the ant species. In this context, the same

signals could function with several ant species, and different plants could share the

same signals. Once the ant colony occupies the plant, compounds that are

Fig. 2 Constitutive patrolling

of young shoots of the ant-

plants Tachigali (a) and
Leonardoxa africana (b) by

Pseudomyrmex and
Petalomyrmex phylax ants
respectively
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commonly found in plants could work as signals as soon as the ants are able to

perceive them. Defence signals are thus not expected to be specific to myrmeco-

phytes because the specificity of the ant–plant association, if any, is established at

the colony founding stage.

The degree of specificity shows great variability among ant–myrmecophyte

associations. J€urgens et al. (2006) found even in Macaranga species sharing the

same obligate Crematogaster morphospecies no obvious similarities in the scent

profiles of the investigated plants. On the other hand, myrmecophytes can also be

associated with various ant species, not necessarily related to each other. For

instance, in a myrmecophytic Tachigali, each individual plant can potentially be

inhabited successively by several ant species belonging to different subfamilies

according to an ontogenetic succession process (Fonseca and Benson 2003). It

would be interesting to investigate the nature of the signal at work with the different

ant partners. We may expect similar compounds to be used by several ant species.

Unfortunately, very little is known in this field.Maieta guianensis can be inhabited
by two ants, Pheidole minutula and Crematogaster laevis. Both are similarly

attracted by leaf damage, but only the first is attracted by leaf extracts, showing

that the cues used may differ (Lapola et al. 2003). The type of cue used by ants

may depend on their life history. Two ant species associated with Tococa bullifera
showed different reactions to cues induced by leaf damage (Bruna et al. 2004). The

polydomous Azteca colonies, rearing brood and tending coccids also on neighbour-
ing plants (usually plants other than Tococa bullifera), responded strongly to

volatiles of a non-myrmecophytic species (Bruna et al. 2008). To defend the

colony they must be able to recognise damage to non-myrmecophytes. In contrast,

Pheidole minutula is an obligate dweller of Tococa bullifera and responded to

chemical cues from potential host plants, but not to non-myrmecophytic species.

Contrary to the predictions, this very preliminary information suggests that the

myrmecophytes do not display one signal that can be used by any ant symbiont,

but rather that each ant species uses different cues. It has been proposed that

ant communication involves multi-component signals resulting from a mix of

“private” signals addressing specific members of a group or organisational level,

and “anonymous” signals that are uniform throughout a group or organisational

level (Hölldobler and Carlin 1987; Hölldobler 1995). Adapted to ant–plant inter-

actions, this means that there are “private” host species-specific signals which

can be only “understood” by the ant symbiont, whereas anonymous ones can be

“understood” by all other potential receivers. The modulation of signals as anony-

mous or private may cause a variety of possible answers and interactions. In

ant–plant associations with low specificity, “anonymous” signals should be pre-

dominant because the signals should be understood by various ant species. How-

ever, “private” signals may have evolved in highly specific ant–plant associations

because the plant would benefit from selecting the most efficient partner.

An unusual case is found in the ant–plant genus Piper, where one ant species,

Pheidole bicornis, is obligatorily associated with five myrmecophytic species in

the genus. Mayer et al (2008) showed that the ant responded strongly to chemical

cues from myrmecophytes tested, but not (or only very weakly) to those from
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non-myrmecophytes. The analysis of the volatile organic compounds emitted after

damage showed that some compounds were specific to the myrmecophytes. Those

were green leaf volatiles and terpenoids, which are common in inter-plant signal-

ling (Dicke 2009). The Piper case is a good model to test whether ants react to a

unique signal displayed by all myrmecophytes and whether potential specific

signals of host plant could influence defence efficiency.

The nature of plant cues used by ants for plant protection seems to result from

complex interactions between life histories of plants and ants. This results in

variability of protection efficiency. Low specificity in ant–myrmecophyte interac-

tions could impair the coevolution between signal emission by plants and response

by ants. Specificity would be favoured if it results in better protection. More

comparative analyses of communication signals and defence efficiency should be

performed to gain a better understanding of their role in the evolution of “filters” in

some myrmecophytes that secure the specificity of the ant partner at the founding

stage. Communication may thus have an important role in community ecology and

evolution.

3.4 Optimal Defence Theory

The optimal defence theory (McKey 1974b; Rhoades 1979) postulates that

defences against herbivores are costly and that natural selection must have

favoured plants that maximise the benefits of defence. One prediction is that

plants should avoid overlap of functionally redundant defences. Induced defence

is expected to be less costly than constitutive defence, and to be favoured when

the probability of herbivory is low but variable. Thus, the theory predicts that

constitutive defences should occur in organs on which the risk and predictability

of herbivory are high. How do theoretical predictions fit with the natural history

of myrmecophytes? Supporting an ant colony is costly to the plant because it

often involves producing specialised hollow structures and supplying the ants

with food, either directly with extrafloral nectar and/or food bodies, or indirectly

through the farming of hemipterans by the ants. If overlapping of functionally

redundant defences should be avoided, mechanisms should have been selected to

focus ant patrolling on young shoots rather than on mature leaves because the

latter are usually protected by toughness and the accumulation of secondary

metabolites. Young leaves suffer more from herbivory because they are easier

to consume and digest. As herbivores are choosy, the probability of herbivory is

higher on young shoots. Thus we expect the plant to use ants as a constitutive

defence on young leaves and as an induced defence on old ones. In summary, the

optimal defence theory predicts the evolution of plant features that concentrate

ant activity continuously on young shoots and that induce ant activity on mature

leaves only when they are actually attacked. Not surprisingly, this is exactly the

pattern observed in myrmecophytes whose ant-mediated defence mechanisms

have been investigated (see above). Additional examples further confirm the
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predictions of the optimal defence theory. The ant Allomerus octoarticulatus is

attracted by aqueous leaf extracts from its host plant Hirtella myrmecophila, but
more when leaves are young than when they are mature (Romero and Izzo 2004).

The intensity of the chemical signal inducing ant recruitment seems to be

negatively correlated with leaf age. Gianoli et al. (2008) found support for the

optimal defence theory by testing the trade-off between constitutive and induced

defences according to the intensity of herbivory pressure across trees in the

ant–plant Cecropia obtusifolia occupied by Azteca ants. They used the percentage

of area lost by old leaves to assess the risk of herbivory and found that it

was positively correlated with the level of constitutive patrolling whereas it was

negatively correlated with the level of induced recruitment to leaf damage.

The constitutive production of food bodies and/or extrafloral nectar in myrme-

cophytes matches with the optimal defence theory. Extrafloral nectar, for example,

is usually produced on young leaves which need particular protection (Fiala and

Maschwitz 1991; Raine et al. 2002). However, food rewards are spatially separated

from plant parts that need most protection (e.g. young leaves) in several myrmeco-

phytes, such as Cecropia (Downhover 1975), Barteria (Janzen 1972), Leonardoxa
(McKey 1984) and Macaranga (Heil et al. 2004b). This may have occurred in

myrmecophytes because ants are provided with a reliable food source from the

plant (extrafloral nectar, food bodies and hemipteran trophobionts) setting the

conditions for ant constitutive defence behaviour not triggered by immediate direct

food rewards (Heil 2008).

Plant defence strategies can be very complex, involving various types of defence

categories, and it is often difficult to get the full picture. Incomplete information on

the entire suite of defence traits can lead to questionable interpretations (Webber

and McKey 2009). The role of ants in the evolution of plant defence strategies

should thus be considered with caution.

4 The Evolution of Plant–Ant Communication

4.1 How Can Plant–Ant Communication Signals Have
Evolved so Many Times Independently?

Myrmecophytism occurs in many plant genera (over 100) distributed over a large

diversity of Angiosperm families (c. 36). The same kind of pattern holds true for

plant–ants (c. 40 genera, Davidson and McKey 1993). Moreover, very few

ant–plant and plant–ant genera have produced considerable species radiations

(exceptions are Vacellia ¼ Acacia, and Macaranga). The scattered taxonomic

distribution of myrmecophytism indicates that it has evolved many times inde-

pendently (Davidson and McKey 1993; McKey and Davidson 1993). Therefore,

the key feature in the functioning of ant–plant symbioses, ant–plant communi-

cation, has also evolved concomitantly with myrmecophytism many times
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independently, suggesting that this feature is not too constrained. Within both

types of organisms, ants and plants, communication is achieved through the

channel of chemistry. They both make a widespread use of blends of volatile

compounds for their own communication system independently from each other

(in ants: alarm and defence releaser, trail marker, nestmate recognition, etc.; in

plants: attraction of parasitoids, plant-to-plant signalling). Moreover, similar com-

pounds are found in the arsenal of both groups. Terpenoids such as citronellal,

citral or farnesene homologues, and aromatic compounds such as indole or methyl

6-methyl salicylate, are plant volatiles also found in ant glands (Regnier and

Wilson 1968; Attygalle and Morgan 1985, see review in Morgan 2009). Those

compounds are usually trail pheromones (Morgan 2009). The so-called green leaf

volatiles hexanal, 1-hexanol and 3-undecanone, substances which are usually

emitted from plants when they are under biotic stress, are produced by the weaver

ant Oecophylla longinoda as components of the alarm pheromone (Bradshaw

et al. 1975). Ants and plants thus have predispositions facilitating information

exchange, which could account for the apparent ease of evolution of ant–plant

communication.

4.2 The Sensory Trap Hypothesis

Sensory traps are defined by Edwards and Yu (2007) as “signal mimics that elicit

out-of-context behaviours by exploiting the adaptive neuronal responses of signal

receivers”. They are particularly well illustrated by Mediterranean Ophrys orchids,
the flowers of which mimic the odour, shape and texture of female bees in order

to attract males for pollination, without producing food rewards (Borg-Karlson

1990). Mimicry has been suggested to be an important mechanism in the evolution

of animal communication (Wickler 1965). Courtship behaviour has been the focus

of most attention because the signals involved can be strikingly similar to cues

used to find food (Christy 1995). Recently it was argued that “sensory traps” could

be involved in mutualisms (Edwards and Yu 2007). However, the term “trap”

suggests something detrimental to the receiver of the signal, which we did not

find in myrmecophytes so far. The original term “mimicry” is preferred as it is

more neutral.

The “mimicry hypothesis” applied to ant–plant symbioses predicts that cues

displayed by plants have evolved to mimic the communication signals used by ants

in their social activities. In ant-gardens built by the ant Camponotus femoratus, a
compound from seeds of several unrelated symbiotic epiphytes is responsible for

ant attraction (Youngsteadt et al. 2008). It is noteworthy that this compound is not

found in other plants. However, it is known from various ant species and was found

in the mandibular glands of Camponotus femoratus males (Seidel et al. 1990).

The constitutive defences provided by ants to myrmecophytes are also contexts

where mimicry could occur. According to the mimicry hypothesis, continuous

patrolling of young shoots by ants could be achieved through emission of brood
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odours. Edwards et al. (2007) specifically tested the hypothesis that mimicry could

have a role in ant–plant communication. They found similarities between chemical

profiles of young shoots of the ant–plant Cordia nodosa and brood of its ant

Allomerus octoarticulatus. But the hypothesis was invalidated because ant patrollers
were attracted to extracts of young leaves but not of brood, and nurses were more

attracted by extracts of brood. Moreover, only patrollers were more attracted to

extracts of young leaves than mature leaves. Most plant–ants must be able to

recognise their host plant because they prune encroaching vines and intruding

vegetation. The mimicry hypothesis would predict that the plant’s chemical profile

could imitate the odour of the colony. However, this is highly unlikely because

colony odour is unpredictable and specific for each colony. Imitating it would thus

require detection and synthesis of the blend by each individual plant. To explain host-

plant discrimination by ants, it is much more parsimonious to invoke either learning

of the plant odour or incorporation of plant chemicals into the colonial odour, two

mechanisms that could be by-products of common ant features, or innate recognition.

Indeed, learning of plant odour by arboreal ants was shown to explain attraction

of some ants to their nesting site plants (Djieto-Lordon and Dejean 1999). The second

possible explanation remains to be tested. As plant–ants are fed by food derived from

the host plant, the sequestration of plant chemicals resulting in a specific odour

is possible (see also Liang and Silverman 2000; Buczkowski et al. 2005).

The similarity between plant volatiles and ant trail pheromones may appear

more relevant to the mimicry hypothesis. Some terpenoids and aromatic com-

pounds known from plants have been described as ant trail pheromones (Morgan

2009). It could thus be tempting to propose that volatiles of myrmecophytes may

have been selected to match trail pheromones of some pre-symbiotic ant ancestor.

However, an alternative explanation is convergent evolution. Indeed, both trail

pheromones and volatiles emitted by myrmecophytes are under similar selective

pressure: they must attract ant congeners at relatively short distances, the signal

they convey should be produced quickly and vanish rapidly if not reinforced, and it

should be cheap to produce.

Except for ant-garden seeds, the compounds identified as potential communica-

tion signals in ant–plant symbioses were more typical for plants than for ants,

ranging over the three categories displayed by plants in the context of defence,

i.e. green leaf volatiles, terpenoids and aromatic compounds. They have thus

obviously not evolved to match ant odours. An alternative explanation to account

for similarities between ants and myrmecophyte chemicals would be that ants

incorporate compounds from their nesting environment, i.e. their host plant. Indeed,

ant chemical profiles are known to vary according to diet and nest material (Heinze

et al. 1996; Liang and Silverman 2000; Sorvari et al. 2008). The hypothesis that

mimicry plays a role in the origin and/or maintenance of ant–plant symbioses is

difficult, if not impossible, to validate. Finding similarities between plant and ant

odours does not mean that plants mimic ants. Although so far only very few studies

have addressed the role of mimicry in the evolution of ant–plant communication,

the available data do not support this hypothesis.
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4.3 Processes in the Evolution of Communication Signals

Improving our understanding of the evolution of communication in ant–plant

symbioses will require determining what may constrain the signal. Plant biosyn-

thetic pathways for volatile production are considered to be highly constrained by

phylogeny. They have even been proposed as characters for phylogenetic recon-

struction (Barkman 2001). However, hierarchical clustering of blends of volatiles

proved to be mostly incongruent with DNA-based phylogeny (Levin et al. 2003).

Production of secondary metabolites by plants is indeed known to depend not only

on taxonomy but also on evolutionary interactions with herbivores or pollinators

(J€urgens 2004; Agrawal et al. 2009). The nature of plant–invertebrate communica-

tion signals thus seems to result from both phylogenetic (sensus McKitrick 1993)

and ecological constraints.

What are the respective roles of these constraints in the evolution of ant–plant

communication? No study has addressed this question yet, but ant and plant traits

suggest some hypotheses for future investigations.

The fact that very few biosynthetic pathways are involved in the numerous cases

of emission of herbivore-induced plant volatiles attractive to natural enemies

(Turlings and W€ackers 2004) suggests that the biosynthetic pathways may consti-

tute the most important phylogenetic constraint on the nature of the communication

signal between plants and ants. Insect olfactory receptor neurons exhibit high

selectivity and respond to specific compounds, but the identity of these compounds

can be very different across related insect species (Todd and Baker 1999). Thus,

antennal receptors appear to impose little phylogenetic constraint on the evolution

of signals. Plants are known to produce more than 1,000 volatile compounds

(Pichersky et al. 2006), and more than 1,500 compounds with a pheromonal action

have been identified in social insects (Passera and Aron 2005). Moreover, we saw

that there is structural overlap between ant pheromones and plant volatiles. Thus,

the few phylogenetic constraints, i.e. mostly those affecting plant biosynthetic

pathways, allow for a wide range of compounds to become potential signals.

The ecological selective pressures exerted on the signal depend on the type of

interaction between the two partners. We have identified five settings where

communication is expected to have evolved in ant–plant symbioses: the selection

of ant-garden seeds to sow the garden, the discrimination of the host plant by

pruning plant–ants, the detection of the host myrmecophyte by founding queens,

the selective continuous patrolling on young shoots of myrmecophytes, and the

damage-induced ant-mediated protection of myrmecophytes. The specificity of the

signal is expected to be high in the first two settings because competition with non-

symbiotic plants is expected. Therefore, cues reducing ant choice errors should be

favoured by selection. The third setting may select for a high specificity for the

same reason, except when the density of founding queens is constantly higher than

that of the available host plants. In this last case, competition between plants for

occupants is relaxed because myrmecophytes have a high probability of being

colonised under high ant density. In these three settings, i.e. dispersal of ant-garden
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seeds, pruning of non-host-plants and host-plant recognition by founding queens,

ecological constraints may be expected to shape a more or less specific signal.

However, in the last two settings, i.e. patrolling of young shoots and damage-

induced protection, the ants are permanently in close proximity to the plant and

the signal does not need to be so specific. Constraints are thus very low, and we may

expect any compound with the appropriate physical properties to be used as signal.

Nevertheless, efficiency of the communication process should be favoured. The

selection of one particular signal and further coevolution of the production by the

plant and perception/integration by the ants would result in increased efficiency.

Reciprocal adaptation would lead, over evolutionary time, to a higher production of

the signal by the plant and a stronger ant behavioural response to it. Since the nature

of the signal is not expected to be particularly constrained, the compounds which

evolve as signals may be the outcome of a random or unpredictable chain of events,

each step contingent on the history of previous steps. Historical contingency has

been demonstrated in experimental evolution with bacteria (Blount et al. 2008).

Such demonstrations are of course impossible in biological systems such as

ant–plant symbioses, but a detailed analysis of communication signals in symbioses

in which both partner species have undergone evolutionary radiation could give

some clues about the processes underlying the evolution of communication signals.

Under contingent evolution, many different signals are expected to have been

selected across species, with low repeatability. Under phylogenetic constraints,

the pattern of signal variation should be congruent with phylogeny either of the

plants or the ants, respectively, depending on whether emission or reception is

constrained. Under ecological constraints, a predictable and reduced set of signals

should occur, irrespective of phylogeny. Signal evolution probably results from

interactions between those constraints. Ant–plant associations that show radiation

in both lineages may thus constitute good models for understanding the respective

roles of the two kinds of constraints in the evolution of communication signals in

these and other plant–insect mutualisms.

5 Conclusions

The emission of communication signals by plants addressed to arthropods is largely

documented. However, there is a huge gap in the investigation of communication

signals from arthropods to plants. Despite the many examples of signals emitted by

plants for reception by ants, there is hardly any work on signals emitted by ants to

which plants respond. An indication that such signals exist is found in myrmeco-

phytic Piper, where food body production is induced by the presence of the ant

symbiont (Risch and Rickson 1981; Letourneau 1983). The plant probably uses ant

cues to match the production of myrmecophytic traits with ant presence, and thus

avoids wasting resources when ants are absent. Ant–plant symbioses involve

partners that live together during most of their respective life-spans. This means

that there is a great potential for mutual exchange of information. Communication
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signals in both directions are more likely to have evolved in ant–plant symbioses

than in any other plant–insect relationship. The search for communication from ants

to plants may constitute a promising field for future research.

Communication in ant–plant symbioses remains understudied and poorly under-

stood. This chapter provides research directions, which we hope will stimulate

further investigations. The discovery a few decades ago that plants attract natural

enemies of herbivores led to a better understanding of plant–arthropod communi-

cation and opened the door to a new research area. This area highlighted the

complexity of inter-specific interactions and led to the view that communication

between organisms as different as plants and arthropods has tremendous implica-

tions for the structure and functioning of ecological communities. Ant–plant sym-

bioses set various contexts for inter-specific communication to evolve. Because of

their particular life history, myrmecophytes provide interesting comparisons with

other plants that “cry for help”. Comparing the various settings of plant-arthropod

communication constitute an interesting framework for a better understanding of

evolutionary community ecology.
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Photosensory Cues in Plant–Plant Interactions:

Regulation and Functional Significance of Shade

Avoidance Responses

Diederik H. Keuskamp and Ronald Pierik

Abstract Plants growing in dense vegetations compete with their neighbors for

resources such as water, nutrients, and light. Particularly, competition for light has

been thoroughly studied, both for fitness consequences as well as the adaptive

behaviors that plants display to win the battle for light interception. Aboveground,

plants detect their competitors through photosensory cues, notably the red:far-red

light ratio (R:FR). The R:FR is a very reliable indicator of future competition as it

decreases in a plant-specific manner through red light absorption for photosynthesis

and is sensed with the phytochrome photoreceptors. In addition, also blue light

depletion is perceived for neighbor detection. As a response to these light signals,

plants display a suite of phenotypic traits defined as the shade avoidance syndrome

(SAS). The SAS helps to position the photosynthesizing leaves in the higher zones

of a canopy where light conditions are more favorable. In this chapter, we discuss

the physiological control mechanisms through which the photosensory signals are

transduced into the adaptive phenotypic responses that make up the SAS. Using this

mechanistic knowledge as a starting point, we discuss how the SAS functions in the

context of the complex multifacetted environments that plants usually grow in.

Special attention is paid to trade-offs between SAS and defense against attackers,

since recent breakthrough papers have elucidated some of the mechanisms behind

this interaction.

1 Introduction

Plants usually grow in dynamic environments with oftentimes severe competition

over limited resources with surrounding neighbors. To deal with the limitations in
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resources such as water, nutrients, and light, plants display phenotypic responses to

neighboring plants to maximize resource capture in dense canopies. To do so, plants

have to sense the vicinity of neighbors. Perception of neighbors and/or the abiotic

stresses, such as altered light levels that come with them, may lead to different types

of behavior: shade tolerance, shade avoidance, or confrontation (e.g., allelopathy in

roots) (Novoplansky 2009). The ability of plants to develop different phenotypes in

response to environmental cues of (future) selective conditions is an important

determinant of plant performance and ultimately plant fitness. To respond appro-

priately to neighboring, plants use reliable external signals for the presence of

neighbors and internal receptor systems to perceive and process these signals.

Perception of such neighbor detection signals can induce rapid changes in gene

expression and physiological processes, which regulate the phenotypic plasticity

required to competitively acquire resources.

Phenotypic plasticity is thought to be an essential feature of plants in response

to their environment, which is usually dynamic for various aspects simultaneously.

In summary, plants use a wide variety of external cues and internal perception

mechanisms, which are subsequently integrated through cross-talk at the signal

transduction level, leading to an integral phenotypic outcome. Examples of envi-

ronmental signals that can be used as input signals for the presence of neighboring

competitors are light quality (Vandenbussche et al. 2005; Franklin 2008), plant-

produced volatile organic compounds (Pierik et al. 2004a; Kegge and Pierik 2010),

nutrients (Schenk 2006; de Kroon 2007), and root exudates (Bais et al. 2006). The

mechanistic regulation and functional importance of plant neighbor detection

through light quality signals is probably the best studied example of plant pheno-

typic plasticity. In this chapter, we review the current knowledge on what is perhaps

the most important and wide-spread behavior of plants under competition: the

Shade Avoidance Syndrome (SAS). We review the recent progress on molecular

and physiological regulation of the SAS and the current understanding of its

adaptive significance for plant competition.

2 The Shade Avoidance Syndrome

Light is the main source of energy for plants. When plants grow side by side, leaves

will eventually overlap and shade each other, leading to competition for light.

Competition for light is also an important factor determining the biodiversity of

dense plant communities (Hautier et al. 2009).

Next to being a source of energy, light is also a source of information that plants

can respond to. Most plants are able to react to the direction, intensity, composition,

and duration of light. These light components regulate such features as seed germi-

nation, photomorphogenesis, flowering time and the SAS (Borthwick et al. 1952;

Terzaghi and Cashmore 1995; Guo et al. 1998). The SAS encompasses various

phenotypic traits (Fig. 1), including elongation of internodes, petioles and hypoco-

tyls, apical dominance, early flowering and upward leaf movement (hyponasty)
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(Franklin 2008). These growth and developmental responses help plants to outgrow

the shade imposed by neighbors, thus allowing them to position the photosynthesiz-

ing young leaves in the better lit, upper parts of the vegetation. Phenotypic traits that

are also observed in shaded plants, but that are not part of the SAS, include an

increase of Specific Leaf Area (SLA) and a decrease of the chlorophyll a/b ratio

(Evans and Poorter 2001). These latter two responses are thought to maximize light

harvesting under shaded conditions and constitute shade tolerance, rather than shade

avoidance. For plants to display the SAS under the appropriate conditions, reliable

cues for (future) crowding are essential.

Importantly, in a canopy there is not only a reduction in the light availability, but

also a dramatic change in light composition. Unlike any other object, plants

typically do not absorb far-red (FR) light (l ¼ 700–800 nm) whilst strongly

absorbing red (R: l ¼ 600–700 nm) and blue (B: l ¼ 400–500 nm) light for

photosynthesis (Franklin 2008). The photon fluence rate of B light is a reliable

indicator of light intensity, whereas the red to far-red ratio (R:FR) declines as more

R light is absorbed by leaves. Plants have the capacity to respond to both these light

signals. A long-standing paradigm in plant biology predicts that the SAS is induced

by detection of a reduced R:FR, indicative of proximate vegetation (reviewed in

Franklin (2008)). However, studies on a variety of species have shown that also

Fig. 1 Shade avoidance responses in Petunia X hybrida, Nicotiana tabacum CV Samsun NN,

Rumex palustris and Arabidopsis thaliana accession Col-0. For each species, the plant on the left

represents a control plant and the plant on the right represents a plant under low R:FR conditions.

Note that low R:FR-exposed plants display more vertical leaf angles, elongated stems and/or

petioles and early flowering
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reduction of B light photon fluence rates in the incident light can induce pronounced

shade avoidance responses (Ballaré et al. 1991; Casal and Sanchez 1994; Pierik

et al. 2004a; Djakovic-Petrovic et al. 2007).

Leaves even reflect a relatively large amount of FR light. The lowering of the

R:FR is therefore an accurate and early indicator of neighbor proximity even in

stages of vegetation development where leaf overlap and shading is not yet occur-

ring (Ballaré et al. 1991). A low R:FR is, therefore, considered an early warning

signal for upcoming competition for light. It is likely that a simultaneous occur-

rence of low R:FR and low B is used to evaluate actual shade, and thus competition,

by neighbors (e.g., Sasidharan et al. 2008).

3 Photoreceptors

All higher plant species studied so far have photoreceptors tailored to detecting B, R

and FR light cues. The model plant Arabidopsis thaliana for example has three

families of photoreceptors. The cryptochrome and phototropin families of photo-

receptors are sensitive to B light fluence rates, whereas phytochromes are mostly

sensitive to R and FR light (Ahmad and Cashmore 1993; Quail et al. 1995; Briggs

et al. 2001).

3.1 Cryptochromes

Cryptochromes are the major blue light receptors involved in stimulating hypocotyl

elongation of light-grown seedlings exposed to B light depletion (Pierik et al. 2009),

but they also regulate de-etiolation of seedling and entrainment of the circadian clock

(Somers et al. 1998; Lin and Shalitin 2003). Cryptochromes are not only sensitive to B

light but they also perceive UV/A light (Lin and Shalitin 2003). It has been shown for

A. thaliana cryptochromes 1 (CRY1) and 2 (CRY2), that these proteins are phos-

phorylated upon blue light exposure and this autophosporylation affects both their

activity and stability (Lin and Shalitin 2003). CRY2 is localized to the nucleus, but the

exposure of A. thaliana seedlings to B light leads to a rapid degradation of CRY2,

whereas CRY1 is much more light-stable and acts at higher fluence rates (Lin and

Shalitin 2003). In amicroarray study on de-etiolation inA. thaliana byMa et al. (2001)

it was observed that most of the genes that were regulated in wild-type plants upon B

light exposure were not differentially regulated anymore in the cry1 cry2 double

mutant under the same light conditions. In either of the single mutants there were

still pronounced B-induced changes in gene expression (Ohgishi et al. 2004) indicat-

ing that the two cryptochromes are partially redundant but are both responsible

for B light-mediated de-etiolation. Pierik et al. (2009) showed that light-grown

Arabidopsis seedlings display increased hypocotyl elongation upon B light depletion

of the incident light, and that, similar to de-etiolation, this response is abolished only in
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the cry1 cry2 double mutant. This confirms that for the B light-mediated shade

avoidance the two cryptochromes are the main photoreceptors that modify the shade

avoidance response.

Upon activation by B light CRYs have been shown to be able to bind to the

downstream factor constitutively photomorphogenic 1 (COP1) (Wang et al. 2001).

COP1 acts as an E3 Ub ligase and is a key repressor of photomorphogenesis. COP1

is located in the nucleus where it can interact with the transcription factor long

hypocotyls 5 (HY5), and this interaction will lead to the ubiquitination and

subsequent degradation of HY5 (Osterlund et al. 2000). In this way cry can regulate

light responses through HY5 abundance. In addition, cryptochromes can also

directly interact with the phytochromes (Mas et al. 2000)

3.2 Phototropins

Phototropins are photoreceptors which are sensitive to blue (390–500 nm) and

ultraviolet-A (320–390 nm) light. They are involved in a set of responses to

optimize light harvesting and growth promotion, like phototropism, chloroplast

movements, B-induced inhibition of hypocotyl elongation, cotyledon expansion,

leaf expansion and light-stimulated leaf movement (reviewed in Christie (2007)).

Of these responses, particularly phototropism is an important phenomenon for

optimization of light capture in dense stands, as it will guide plant organs to grow

differentially towards better lit conditions, for example at the border of a dense

field.

Phototropins belong to the AGC family of kinases, containing two very similar

photosensory domains named LOV1 and LOV2 and a kinase domain. The photo-

excitation of these LOV domains upon blue light leads to autophosphorylation of

phototropin. In darkness phototropin is not phosphorylated and inactive, but the

LOV domains cycle between active (LOV390), which has an absorption peak at

390 nm, and the inactive (LOV447) state depending on the light condition. Photo-

tropins are hydrophilic and in darkness are situated in the plasma membrane. Upon

B light radiation Phototropin1 (PHOT1) and PHOT2 are rapidly internalized or

transported to the golgi apparatus, respectively. PHOT1 is active at low fluence

rates (<1 mmol m�2 s�1 blue light), whereas PHOT2 functions at higher B photon

fluencies (reviewed in Christie (2007)).

Little is known about the targets of the kinase activity of phototropin but with the

use of mutations specifically in the kinase domain it was found that the kinase

activity is essential (Huala et al. 1997). An example of a phototropin interacting

protein is NPH3 (nonphototropic hypocotyls 3), which is involved in auxin distri-

bution during phototropism, and NPH3 function depends on B-induced PHOT

phosphorylation (Pedmale and Liscum 2007). More recently, studies demonstrated

that the phytochrome signaling component PKS (phytochrome kinase substrate)

protein is required for hypocotyl phototropism in Arabidopsis and PKS1 can form a

complex with PHOT1 and NPH3 (Lariguet et al. 2006). Since phytochromes (and
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cryptochromes) influence phototropic curvature in A. thaliana as well (Janoudi

et al. 1997), PKS proteins may constitute a link between the photoreceptor families.

3.3 Phytochromes

As mentioned above, phytochromes are sensitive to R and FR light. Phytochromes

exist in two different conformation states, the inactive Pr form and the active Pfr

form, with somewhat different light absorption characteristics (Quail et al. 1995).

The biologically inactive form of phytochrome (Pr) has an absorption peak at 666 nm

and is therefore sensitive for R light. When R light is absorbed this will lead to a

photoconversion of Pr into Pfr, which is the active form of phytochrome. The Pfr has

an absorption peak at 730 nm (FR light) and upon absorbing FR light it will photo-

convert back into the inactive Pr form. In thisway the R:FR of light reaching the plant

will determine the equilibrium between Pr and Pfr forms of phytochrome in plants.

Relative phytochrome activity (Pfr:Pr) thus is a direct function of the R:FR. Upon

activation, Pfr translocates to the nucleus where it can interact with its molecular

regulatory partners. In Arabidopsis five different phytochromes have been character-

ized, which are named PHYA-E. Of these, PHYB is themain regulator for low R:FR-

mediated shade avoidance, although PHYD and PHYE are also involved (Robson

et al. 1993; Franklin 2008). In various species, such as A. thaliana, Brassica rapa
(turnip mustard) and Lycopersicon esculentum (tomato), mutants which are deficient

in phyB display a constitutive shade avoidance phenotype. (Somers et al. 1991;

Devlin et al. 1992; Robson et al. 1993; Reed et al. 1993). An important phytochrome-

mediated regulatory pathway is through interaction with PIF (Phytochrome Interact-

ing Factors) proteins. PIF and PIF-like (PIL) proteins are a subfamily of the bHLH

(basic helix–loop-helix) family of transcription factors that bind DNA to regulate

gene transcription as part of the phytochrome signal transduction (Duek and

Fankhauser 2005). At least PIF3, 4, 5 and 7 are important regulators of phyto-

chrome-mediated light responses (Huq and Quail 2002; Fujimori et al. 2004;

Nozue et al. 2007; Leivar et al. 2008). A subset of these are even specific to shade

avoidance responses, such as shown for PIL1 (PIF3-like 1) and HFR1 (long hypo-

cotyl in far-red 1) (Fairchild et al. 2000; Fankhauser and Chory 2000; Salter et al.

2003). In addition to the interaction with PIFs, PHYB can also bind directly to CRY2

(Mas et al. 2000), mediating cross-talk with the B light signaling pathway.

4 Hormonal Regulation

PIFs seem to be an important player in plant responses to the environment and the

hormonal regulation of these responses. They play a key role in modulating

developmental responses to both light and temperature (Lorrain et al. 2008; Koini

et al. 2009). As indicated earlier, phytochromes migrate to the nucleus when

164 D.H. Keuskamp and R. Pierik



activated by R light, where PHYB can interact with PIFs (Martinez-Garcia et al.

2000). PIF4, for example, is in control of genes mediating cell elongation and is

targeted for ubiquitination and subsequent degradation by the binding of PHYB

(Quail 2002). It has recently been shown that PIFs can also interact with DELLA

proteins (Feng et al. 2008; de Lucas et al. 2008). The DELLA proteins are growth-

repressing proteins and a subfamily of the GRAS domain family of transcriptional

regulators (Alvey and Harberd 2005). The regulation of these DELLA proteins

appears to be key to photomorphogenic responses, including shade avoidance

responses (Achard et al. 2007; Djakovic-Petrovic et al. 2007). DELLA abundance

is down regulated during shade avoidance in low R:FR and in dense stands, which is

essential to prevent DELLAs from inhibiting the SAS (Djakovic-Petrovic et al.

2007). Interestingly, DELLA stability is primarily controlled by the plant hormone

gibberellin (GA), thus connecting phytochrome signaling to hormone action. How-

ever, DELLA stability is also affected by other hormones, such as auxin and

ethylene (Achard et al. 2003; Fu and Harberd 2003; Pierik et al. 2009) and these

hormones all are essential regulators of the SAS as well (Morelli and Ruberti 2000;

Pierik et al. 2004a, 2009) (Fig. 2). This suggests that DELLA proteins are not only

playing a key role in integrating the regulatory effect of PIFs and GA, but are also

an integrator of several hormonal signal transduction pathways.

4.1 Gibberellin

Gibberellin (GA) is a key regulator of cell elongation, and for that alone it would be

a good candidate for regulation of the SAS. Transgenic tomatoes expressing high

Fig. 2 Schematic

representation of some of the

signal transduction steps in

the process of SAS induction

upon detection of neighbors

in dense stands
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levels of oat phytochrome A, which results in an inhibition of the SAS phenotype

(Boylan and Quail 1989), are remarkably similar in phenotype to tomato mutants

defective in GA biosynthesis (Koornneef et al. 1990). Both types of plants display a

shortened stature, curled leaves, and increased leaf and fruit pigmentation. In

contrast to all phytochrome family members, PHYA undergoes rapid light-induced

proteolysis and therefore accumulates to high levels only in etiolated seedlings

(Clough and Vierstra 1997). A study with tobacco that over expresses oat PHYA

confirmed the strong inhibition of the SAS (Robson et al. 1996), including inhibi-

tion of internode and petiole elongation, and showed that the SAS could be restored

by external GA application (Jordan et al. 1995). In A. thaliana, low R:FR promotes

the expression of GA-related genes (Devlin et al. 2003) and the constitutively

elongated phenotype of phyb mutants is suppressed by GA deficiency and GA

insensitivity (Peng and Harberd 1997). A direct link between GA and the SAS has

been shown for A. thaliana, since low R:FR treatment appears to enhance both GA

biosynthesis (Hisamatsu et al. 2005) and responsiveness (Reed et al. 1996). In

addition, GA-related mutants are less responsive to low B and low R:FR treatment

to induce the SAS (Djakovic-Petrovic et al. 2007).
When GA is present, it will bind to its receptor GID1 and will facilitate direct

interaction with DELLA proteins, which are subsequently ubiquitinated and tar-

geted for proteasome-mediated degradation (Ueguchi-Tanaka et al. 2005). As

mentioned above, DELLA protein abundance is reduced in plants grown in dense

stands (Djakovic-Petrovic et al. 2007), confirming earlier data on R:FR controlled

GA-levels and DELLA stability. In the absence of GA, DELLA proteins will

accumulate to higher levels and interact with PIF3 and PIF4 and prevent these

PIFs from regulating gene expression (Feng et al. 2008; de Lucas et al. 2008)

associated with cell elongation.

4.2 Auxin

As mentioned above, not only GA-related genes are under the control of R:FR and

B light, but auxin related genes are as well (Devlin et al. 2003; Folta et al. 2003;

Pierik et al. 2009). Auxin is associated with several processes like embryogenesis,

stem cell niche, cell division and cell elongation (Teale et al. 2006) and several

studies propose that auxin plays a vital role in the SAS (Morelli and Ruberti 2000;

Devlin et al., 2003; Folta et al. 2003; Vandenbussche et al. 2003; Roig-Villanova

et al. 2007; Tao et al. 2008; Pierik et al. 2009). Tao et al. (2008) showed a rapid up

regulation of auxin biosynthesis in A. thaliana seedlings through a dedicated auxin

biosynthesis route under the control of the tryptophan aminotransferase of Arabi-

dopsis1 (TAA1) gene. This enhanced auxin production is needed for the hypocotyl

to respond to a FR-enrichment treatment to lower R:FR. Another way for light to

regulate auxin biosynthesis is through red elongated 1 (RED1), which acts down-

stream of phyB, and is involved in auxin homeostasis (Hoecker et al. 2004). Morelli

and Ruberti (2000) proposed almost 10 years ago that polar auxin transport (PAT)
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could play an important role in the redistribution of auxin and thereby induce

elongation responses, as part of the SAS. This was partly confirmed by Devlin

et al. (2003) who showed that not only auxin-related genes like several AUX/IAAs

are regulated but also pin-formed3 (PIN3) and PIN7 are up regulated upon far-red

light enrichment. The PINs are facilitators of auxin efflux and can thereby deter-

mine the direction of PAT (Teale et al 2006). The role of the cellular (re)localiza-

tion of these PINs under the control of light was shown by Friml et al. (2002) and

Blakeslee et al. (2004). It was shown that phototropism in response to B light

induces intracellular lateral relocalization of PIN1 and PIN3 proteins, thus produc-

ing a differential auxin gradient which induces differential cell elongation. As a

result, there will be hypocotyl bending towards the light. The importance of this

redistribution of auxin has also been shown for unidirectional shoot elongation as

part of the SAS in hypocotyls and petioles of A. thaliana. With the use of an auxin

activity reporter line pIAA19::GUS, it was shown there is an induction of the

expression pattern induced upon different light treatments throughout the elongated

hypocotyls (Pierik et al. 2009) or petioles. When these plants where treated with the

auxin efflux inhibitor NPA (1-naphthylphthalamic), not only the pIAA19::GUS
pattern was abolished, but also the shade-induced elongation response (Pierik

et al. 2009). These data indicate that not only auxin biosynthesis plays an important

role in the SAS but also an intact PAT is needed for A. thaliana to respond properly
to shade.

4.3 Brassinosteroids

Auxin and BR are linked to many of the same growth processes, including vascular

differentiation, flower and fruit development, root growth and elongation. Further-

more auxin and BR show a large overlap in genes regulated, suggesting crosstalk

between BR and IAA, (Nakamura et al; 2003; Goda et al. 2004; Nemhauser et al.

2004). Luccioni et al. (2002) suggest that BR may fine tune phytochrome-mediated

responses. Although this has not been studied yet in a SAS context, light is involved

in BR biosynthesis (Kang et al. 2001) and/or BR inactivation in a phytochrome- and

cryptochrome-dependent manner (Neff et al. 1999). In addition, BR-related

mutants are dark green, slow-growing dwarfs with epinastic leaves and short

stems and petioles (Neff et al. 1999), which is the opposite of a SAS phenotype.

There are also indications that BR is involved in auxin and ethylene responses in

A. thaliana (de Grauwe et al. 2005). It is suggested that BR might affect auxin

transport in response to light (de Grauwe et al. 2005), which is consistent with the

fact that BR can induce the expression of some of the PINs (Nakamura et al. 2004).

The role of auxin in the SAS is more clear than the role of BR, but there is a great

overlap in the regulatory pathway between these two hormones (Nakamura et al.

2003; Goda et al. 2004; Halliday 2004; Nemhauser et al. 2004) and PIF3 expression

is at least partly under the control of BR (Goda et al. 2002) indicating that a role for
BR in the SAS is at least possible.
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4.4 Ethylene

In several species, ethylene production is stimulated by low R:FR (Finlayson et al.

1999; Pierik et al. 2004b; reviewed in Kegge and Pierik 2010). It was shown that

ethylene can accumulate within dense stands of cultivated tobacco in a greenhouse

to threefold the ambient concentration and can therefore be a signal for neighbor

detection (Pierik et al. 2004a). The elevated ethylene levels reached up to 20 ppb

(parts per billion) which was sufficiently high to induce stem elongation and

hyponastic leaf growth, two SAS components, in wild-type plants. Ethylene-

insensitive transgenic tobacco plants show a reduced and delayed response to

neighboring plants and are therefore out competed by wild-type neighbors (Pierik

et al. 2003). Although the ethylene-insensitive tobacco plants did show a reason-

able response to low R:FR, the response to a reduction in B light fluence rates was

entirely absent in these plants (Pierik et al. 2004a). For A. thaliana, it seems to be

the opposite, where the response to low R:FR light is ethylene dependent, the

response of seedlings to B light depletion appears to be independent of ethylene

(Pierik et al. 2009).

Ethylene can stimulate auxin production and transport in A. thaliana (e.g.,

Ruzicka et al. 2007). Consistently, for ethylene to stimulate hypocotyl elongation

in A. thaliana, intact auxin signaling is required (Pierik et al. 2009). Interestingly,

auxin can also enhance ethylene production by stimulating the activity of ACC

synthase, a precursor of ethylene biosynthesis (Yi et al. 1999).

4.5 SAS Regulation Downstream of the Hormones

Shoot elongation as part of the SAS, will be primarily driven by cellular expansion

and therefore by cell wall modifications (Sasidharan et al. 2008). Some of these

modifications are brought about by the cell wall protein families of expansins and

XTHs (Xyloglucan endotransglucosylases/hydrolases) (Rose et al. 2002; Cosgrove

2005). The activity and gene expression of these protein families are indeed

regulated during responses to biotic and abiotic stresses, including shade (Ma

et al., 2001; Sessa et al. 2005; Roig-Villanova et al. 2007; Sasidharan et al. 2008;

Hornitschek et al. 2009). Furthermore, it has been shown in various species that

several members of these protein families are under the control of auxin, GA and

BR (Potter and Fry 1993; Zurek et al. 1994; Catala et al. 1997; Goda et al. 2004),

ethylene (Rose et al. 1997) and PIFs (Hornitschek et al. 2009). Auxin plays a role in

the acidification of the apoplast, where auxin can lower the pH in the cell wall

within minutes (Kutschera 1994). This rapid acidification of the apoplast probably

sets the optimal pH for expansions (Cosgrove 2005) and XTHs (Fry 1998). We

suggest that these protein families are activated during SAS as the downstream

targets of the interacting network of hormones mentioned above.
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5 Adaptive Value of the SAS in Ecological Context

The actual adaptive value of the SAS can be derived from research where it was

shown that elongated plants (thus showing the SAS) have increased fitness com-

pared to non-elongated plants growing at a high density, but a reduced fitness at low

densities (Schmitt et al. 1995; Dudley and Schmitt 1995). At the same time, from an

agronomic viewpoint, inhibition of elongation responses to neighbors in crop

monocultures may actually enhance the harvest index since more carbon will be

allocated harvestable organs, rather than to be invested in nonharvestable stems

(Robson and Smith 1997).

Not all species show a similarly strong SAS. A relatively steep vertical light

gradient in a canopy makes it more likely that a plant can benefit from enhanced

light interception by elongation. It will therefore be more effective to show this

adaptive behavior in, for example dense grasslands than underneath an over story

canopy, where the reduction in light occurs at a greater height and the SAS cannot

enable understory plants to escape from these shaded conditions. This is consistent

with the observation that in general forest understory plants do not show strong

shade avoidance responses to low R:FR (Morgan and Smith 1979; Dudley and

Smith 1995; Weinig 2000). The adaptiveness of the SAS is, therefore, contingent

upon local conditions of competition. Since plants will usually also experience

more than one stress at a time, it is likely that these potential other stresses can also

affect the adaptiveness of SAS induction.

Thus, for the SAS to be beneficial to the plant, it should be induced only by light

signals that reliably signal crowding, should result in a more favorable place within

a canopy leading to higher rates of photosynthesis, and SAS-inducing signals

should also be integrated with other stress signals. In this signal integration plant

hormones can play an important role as many of the hormones mentioned above are

involved in responses to stress, like drought (Leymarie et al. 1996), temperature

(Gray et al. 1998), submergence (Bailey-Serres and Voesenek 2008), herbivory and

pathogen infection (Robert-Seilaniantz et al. 2007).

5.1 Local Adaptation in Ecotypes

Comparative studies have revealed reduced responsiveness to R:FR in species or

populations from forested areas, compared to more open habitats (Morgan and

Smith 1979; Dudley and Schmitt 1995; Weinig 2000). For example Impatiens
capensis genotypes from a clearing population display greater elongation responses

to low R:FR (Dudley and Schmitt, 1995) and crowding (Donohue et al. 2000) than

woodland genotypes under common garden conditions, suggesting local adaptive

differentiation in shade avoidance traits. The woodland population of this annual

species cannot outgrow the trees and displaying the SASwould thus bemaladaptive.

Studies on Canadian prairie and alpine ecotypes of Stellaria longipes, constitute
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another interesting example of ecotypic variation for the SAS. The prairie ecotype is

naturally subjected to crowding as it grows in dense, competitive vegetations. In

contrast, the dwarfed alpine ecotype grows in alpine regions of the RockyMountains

with very little vegetation in which above-ground competition is almost absent. It

was shown by Alokam et al. (2002) and in more detail by Sasidharan et al. (2008)

that there is a clear variation in response to different light signals, between the two

ecotypes (Fig. 3). Alpine plants show no response to low R:FR, consistent with the

lack of competing neighbors in its native habitat, whereas the prairie ecotype

displays the classic SAS in low R:FR. When these plants were exposed to real

shade, both ecotypes showed a clear internode elongation response, in the alpine

ecotype probably representing a response to grow away from the deep shade created

by rocky surfaces from which the shoots need to grow into the light (R. Pierik,

personal observation). These differences between ecotypes indicate that there is

variation in SAS properties between ecotypes within species, probably representing

specialization to particular environments.

Fig. 3 Ecotypic variation in Stellaria longipes (alpine versus prairie). Panels A & B: Native
habitat for the alpine (rocky, virtually no competitors) and prairie (dense grassland) ecotype in the

Canadian Rocky Mountains. Panel C: Shoot elongation responses in the alpine and prairie ecotype
to low R:FR and true shade, Copyright American Society of Plant Biologists, www.plantphysiol.org,

reproduced with permission from Sasidharan et al. (2008), picture kindly provided by R. Sasidharan

170 D.H. Keuskamp and R. Pierik

http://www.plantphysiol.org


5.2 Environmental Complexity: Integrating SAS and Defense

Plants in their natural environments encounter, in addition to neighboring compe-

titors, a vast array of other biotic stresses imposed by pathogens and herbivores.

Interestingly there seems to be a trade-off between resistance against these attackers

and the SAS. Herbivory treatment affected plant height, but since this occurred

during both control and a SAS-inducing green shade treatment it is possible that

herbivory mostly constrained general growth rather than SAS (Kurashige and

Agrawal 2005). The SAS, however, does strongly affect plant defense against

attackers. For example, growth of pathogens is enhanced in constitutively shade

avoiding mutants (Genoud et al. 2002; McGuire and Agrawal 2005; Griebel and

Zeier 2008). Furthermore, plants are less resistant against herbivory when grown in

crowded stands or when exposed to low R:FR conditions mimicking dense stands

(Kurashige and Agrawal 2005; Izaguirre et al. 2006; Moreno et al. 2009). Defense

responses to these biotic stresses are primarily not only controlled by the hormones

salicylic acid (SA) and jasmonic acid (JA) but also by ethylene. Interestingly, these

hormones also affect development and growth (Martı́nez et al. 2004; Wasternack

2007), and their signaling pathways are partially under the control of the earlier

mentioned DELLA proteins (Navarro et al. 2008). In addition, the hormones

mentioned earlier to be involved in SAS regulation also interact with plant defense

against microbial pathogenesis and herbivory (Robert-Seilaniantz et al. 2007). This

reinforces the idea that the interplay between different stresses is due to cross-talk

between different hormones (Potters et al. 2007).

It is shown by Navarro et al. (2008)) that DELLA proteins are involved in plant

defense regulation. DELLAs appeared to promote the susceptibility to biotrophic

bacteria, which is SA-dependent and enhances resistance against necrotrophic

fungi, which is JA-dependent. Furthermore it has been shown that during infection

DELLA quadruple knockout mutants have higher SA levels and that DELLAs can

stimulate the JA signaling pathway (Navarro et al. 2008). Since DELLAs are

degraded during low R:FR-induced SAS (Djakovic-Petrovic et al. 2007) it is

possible that this would contribute to the earlier mentioned weakened defense

against herbivory upon low R:FR (Moreno et al. 2009).

Auxin has also been shown to modulate plant defense responses and can repress

the expression of pathogenesis-related (PR) genes (e.g., Jouanneau et al. 1991).

Recent evidence indicates that SA inhibits pathogen growth partly through the

suppression of auxin signaling (reviewed in Kazan andManners 2009). Interestingly,

SA and auxin signaling seem to be mutually antagonistic because auxin suppresses

SA-dependent defenses, such as PR1 expression (e.g., Wang et al. 2007; Park 2007)

and SA-deficient plants show increased IAA levels (Abreu andMunne-Bosch 2009).

An ultimate test to study if the trade-off between SAS and herbivore defense,

involves auxin was performed by Moreno et al. (2009). It was shown, however,

that the pronounced trade-off observed was not through auxin, nor through a direct

competition for resource allocation between defense and SAS. It appeared that

phytochrome signaling affects JA sensitivity in an auxin-independent manner.
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The volatile hormone ethylene not only controls shade avoidance, but is also

involved in defense responses against pathogens and herbivores (van Loon et al.

2006; von Dahl and Baldwin 2007). It has been shown that attackers lead to

enhanced production of ethylene through control of ACC synthase, the rate limiting

enzyme in ethylene biosynthesis (de Vos et al. 2005). Exogenous application of

ethylene induced the expression of specific genes which are also regulated during

attack by necrotrophic pathogens (Penninckx et al. 1998). JA and ethylene together

activate specific defense signaling pathways and elevated levels of both JA and

ethylene were observed upon, e.g., wounding, herbivore attack or colonization with

rhizobacteria. Under these conditions these elevated hormone levels correlate with

a reduction in disease symptoms (Rojo et al. 1999). Based on these observations it

could be suggested that low R:FR-induced ethylene production would facilitate

rather than inhibit defense against herbivores.

6 Conclusions

Plants perceive the threat of competing neighbors through various signals. Above-

ground, the most important one seems to be the reduced R:FR, which signals

upcoming competition well before actual shading occurs. Plants carry sophisticated

photoreceptor systems to signal this and subsequently activate an interacting

network of various hormones and transcriptional regulators. The complete signal

detection and signal transduction network together defines the SAS to be expressed.

This complicated network of interacting molecular and physiological regulators

allows for fine-tuned modifications of the response by additional inputs, such as

signals coming from defense pathways. The relative advantage of expressing the

SAS during competition will thus depend on the presence of additional threats to

plant performance, such as herbivory. The current understanding of the physiologi-

cal and molecular regulation of the SAS is instrumental to understanding how plant

behavior in dense, competitive vegetations will be adjusted to additional biotic or

abiotic stress factors.
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Global Atmospheric Change and Trophic

Interactions: Are There Any General Responses?

Geraldine D. Ryan, Susanne Rasmussen, and Jonathan A. Newman

Abstract Increasing atmospheric CO2 is hypothesized to alter plant physiology

and metabolism, which may have important implications for species interactions. In

this chapter, we review published studies on the effects of elevated atmospheric

CO2 on plant-derived allelochemicals and the possible effects of CO2-mediated

changes on higher trophic levels such as herbivores, parasitoids, and predators. We

provide a critical assessment of conventional ecological theories used to predict

phytochemical responses to CO2 and we make some suggestions as to how this field

may be expanded and improved.

1 Introduction

Atmospheric carbon dioxide levels have risen by approximately 100 ppm since the

onset of the industrial revolution to the present level of 385 ppm. The Intergov-

ernmental Panel on Climate Change (IPCC) predicts that levels of CO2 in the

atmosphere will rise to between 500 and 975 ppm in the next century depending

on economic growth and energy use scenarios (IPCC 2000), though recent projec-

tions suggest that these estimates may be conservative (Raupach et al. 2007).

Elevated CO2, along with increased emissions of other greenhouse gases such as

methane and ozone, is primarily due to anthropogenic activities such as fossil fuel
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consumption and forest clearing. Greenhouse gas emissions are projected to cause

increases in surface air temperatures of between 1 and 4�C in this century, along

with changes in precipitation and cloud cover. While the predictions regarding

climatic changes have been debated, levels of atmospheric CO2 are unequivocally

rising. This will have important implications for plant growth and development.

The effects of increasing CO2 on plant physiology are complex and have been

extensively reviewed (Bazzaz 1990; Bowes 1993; Drake and Gonzàlez-Meler

1997; Makino and Mae 1999; Medlyn et al. 2001; Woodward 2002; Nowak

et al. 2004; Ainsworth and Long 2005). Plants exposed to elevated CO2 experi-

ence enhanced photosynthesis, reduced photorespiration, decreases in stomatal

conductance, decreased transpiration rates and subsequent enhanced water-use

efficiency, and alterations in resource allocation, phenology and reproductive

biology (as reviewed in Bazzaz 1990). In addition, decreases in plant nitrogen

content, increases in the carbon to nitrogen ratio (C:N), alterations in the concen-

trations of defensive compounds and overall changes in plant quality are likely to

directly impact herbivores. Changes in allocation to secondary metabolites can

also have both direct and indirect (herbivore-mediated) effects on higher trophic

levels, which may have broad implications for community structure. As we see in

the next section, plant-derived allelochemicals are a critical component in shaping

ecosystems in general. Thus, plant responses to increased photosynthate produc-

tion under elevated CO2 and subsequent changes in antiherbivore phytochemical

production are among the critical impacts of rising CO2 on plant growth (Bazzaz

1990).

This chapter explores the ways in which elevated CO2 may impact resource

allocation to plant allelochemicals – where an allelochemical may be defined as

“any nonnutritional chemical produced by an individual of one species that affects

the growth, health, behavior or population biology of another species” (Schoonhoven

et al., 2005). We then examine the potential effects of these changes on higher

trophic levels. Several excellent reviews have been produced on the general effects

of CO2 on ecosystems (Bazzaz 1990; Coley 1998; Coviella and Trumble 1999;

Hunter 2001; Lindroth and Dearing 2005). We focus primarily on literature that

addresses CO2 effects in terms of plant secondary chemistry. The projected increase

in atmospheric CO2 is unlikely to have direct physiological effects on insect

herbivores (Fajer et al. 1991) or their enemies, so effects are expected to be

plant-mediated. Here, we examine the current body of literature on this topic and

evaluate empirical studies in light of theoretical predictions, which consider how

altered resource allocation may change the production and concentration of allelo-

chemicals. We assess empirical studies within the framework of the prevailing

ecological theory and we also discuss the limitations of such models. Where

pertinent, discussions include factors associated with primary plant metabolism,

especially when evaluating the effects of elevated CO2 on host quality for herbi-

vores. This chapter is structured to address the effects of CO2 at increasing trophic

levels starting with the effects on plant-derived allelochemicals, the implications

for insect herbivores, and in turn the direct and indirect effects on herbivore

enemies such as parasitoids and predators.
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2 Climate Change and Plant-Derived Allelochemicals

2.1 Plant-Derived Allelochemicals as a Driving Force
for Community Structure

Plants and their herbivores collectively comprise a large proportion of global

species diversity, with these two groups representing almost 50% of all identified

species on earth (Strong et al. 1984). The quality of host plants for herbivorous

insects is dependent on a number of factors including plant metabolism (nutritional

make-up and production of defenses) and morphology (physical defenses).

Although the definition of plant quality depends on factors intrinsic to the herbivore

in question (e.g., nutrient requirements and sensitivity to plant defenses), many

generalizations can be made about the requirements of insect herbivores. In this

section, we give an overview of the ways in which plant-derived allelochemicals

can shape ecosystems and why predicting changes in plant chemicals are a critical

part of understanding how ecosystems may function in the future. Plants produce a

vast range of secondary metabolites such as alkaloids, terpenoids, saponins, flavo-

noids, and tannins, (Futuyama 1983) which are critically important to the reproduc-

tive fitness of plants and serve as protection against herbivores, viruses, bacteria,

fungi, and competing plants.

Herbivores can encounter secondary metabolites at many levels during the

process of searching for, and feeding on, plant food. Prior to feeding, herbivores

may encounter plant volatile organic compounds (VOCs) in the headspace sur-

rounding the potential host, and these compounds (e.g., monoterpenes, sesquiter-

penes, aldehydes, alcohols and ketones) may provide the insect with information

about the suitability of the plant as a host (Pickett et al. 1998; Bruce et al. 2005).

Deciphering the effects of plant volatiles on insect herbivores can be challenging as

these volatiles can act as both attractants and deterrents. The effects of specific

compounds will likely be dependent on the herbivore group in question and it has

been demonstrated that the peripheral receptors of phytophagous insects are tuned

to the detection of specific host plant “blends” of ubiquitous VOCs, rather than any

one single VOC (Fraser et al. 2003; Birkett et al. 2004).

Once a herbivore has commenced feeding, it may be exposed to a diverse array

of internal plant compounds such as phenolics (e.g., tannins and flavonoids),

nitrogenous compounds (e.g., alkaloids, amines, cyanogenic glycosides, and glu-

cosinolates), terpenoids, organic acids, lipids and sulfur-containing compounds

(Futuyama 1983; Howe and Jander 2008; Rasmann and Agrawal 2009). Some

insects have adapted to these plant-produced defensive compounds and in some

cases may exploit them for their own needs. For example, propenylbenzenes,

coumarins, and polyacetylene produced in the surface wax of plants are known to

be growth inhibitors for a number of taxa including fungi, bacteria and many

generalist herbivores. However the same compounds have been shown to stimulate

oviposition in the carrot fly Psila rosae (St€adler and Buser 1984). Many insects can
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also sequester toxic plant compounds, e.g., pyrrolizidine alkaloids and cardeno-

lides, which are stored in specialized insect tissues, and protect the insect from

predators (Brower and Fink 1985; Narberhaus et al. 2005; Opitz and M€uller 2009).
Plant secondary chemicals can vastly alter the physiology of insect hosts and can

induce complex behaviors associated with host location, oviposition, deterrence

and attraction. Secondary metabolites are a crucial component in determining host-

quality for insect herbivores and ingested secondary metabolites can have profound

and diverse effects on feeding herbivores including the disruption of digestion,

metabolism, growth, and development.

Plant-produced allelochemicals can also affect higher trophic levels either

directly or indirectly (via herbivores) and thus can serve a multitude of functions

in the broader ecosystem context. The induction of plant VOC release by feeding

herbivores can signal the presence of herbivores to natural enemies such as pre-

dators and parasitoids which are then attracted to the damaged plant (Kessler and

Baldwin 2001; Rasmann et al. 2005; Schnee et al. 2006). Damage-induced VOCs

can also be perceived by neighboring plants which are alerted to the presence of

herbivores and may subsequently alter their secondary chemistry (Baldwin and

Schultz 1983; Karban and Shiojiri 2009). Volatiles released from different plant

parts may serve different functions. For example, pollinators are attracted to emis-

sions from flowers, while seed dispersers can recognize and orient towards volatiles

released from developing fruit (Dudareva et al. 2006). The diversity of chemical

groups and the types of responses they elicit are extremely complex and are beyond

the scope of this chapter. However this section serves to highlight the importance of

allelochemicals in community structure and function and to emphasize the impor-

tance in predicting changes in allelochemical production in a high CO2 atmosphere.

2.2 Elevated CO2 and Resource Allocation to Allelochemicals

Plants have a finite capacity to acquire necessary resources such as carbon, mineral

nutrients and water. Plants may allocate photosynthates and nutrients to reproduc-

tion, growth, storage or defense (Ayres 1993) depending on the needs of the plant

and the availability of these resources. Increased atmospheric CO2 is expected

to have a stimulatory effect on the production of photosynthates though this

effect is generally stronger for C3 plants than for C4 plants (Stitt and Krapp

1999; Ainsworth and Long 2005). How these additional resources are allocated

depends on the evolutionary history of the plant (i.e., genotypic response) and the

range of strategies allowed for within the physiological constraints of the plant

(i.e., phenotypic response). Changes in allocation to chemical defenses under

elevated CO2 are expected to have important implications for herbivores and to

have both direct effects and indirect herbivore-mediated effects on higher trophic

levels. In the search for a “general theory of plant defense” ecologists have

formulated several hypotheses which have been used to predict resource alloca-

tion to allelochemicals under altered environmental conditions such as changes
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in light, water and nutrient inputs and sink/source relationships. These can be

extended to predictions of resource allocation and allelochemical production under

elevated CO2. Among the most widely used of these are: (1) the Optimal Defense

(OD) Hypothesis; (2) the Growth-Differentiation Balance (GDB) Hypothesis; and

(3) the Carbon–Nutrient Balance (CNB) Hypothesis. Many of the predictions

invoked by these hypotheses broadly overlap and all contain the same basic

assumption, that allocation of finite plant resources constitutes a trade-off between

secondary defenses (morphological and chemical defenses and cellular differentia-

tion) and primary metabolism (photosynthesis, respiration and growth) (Cronin and

Hay 1996).

The optimal defense hypothesis:

The OD (McKey 1979; Strauss et al. 2004), which incorporates aspects from the

coevolution theory (Ehrlich and Raven 1964) and from the plant apparency theory

(Feeny 1975, 1976; Rhoades 1979; Rhoades and Cates 1976; Cornell and Hawkins

2003) attempts to explain how the defensive needs of a plant (as defined by the

plant’s risk of attack by herbivores) determine the evolution of defensive secondary

metabolites. The ODH comprises two central hypotheses: (1) “organisms evolve

and allocate defenses in a way that maximizes individual inclusive fitness” and

(2) “defenses are costly in terms of fitness” (Rhoades 1979; Stamp 2003; Strauss

et al. 2002, 2004). Hypothesis 2 encompasses four subhypotheses which are (1)

“organisms evolve defenses in direct proportion to their risk from predators and in

inverse proportion to the cost of defense,” (2) “within an organism, defenses are

allocated in proportion to risk of the plant part and value of it to plant fitness, and in

inverse proportion to the cost of defense,” (3) “defense is decreased when enemies

are absent and increased when they are present (i.e., allocation pattern of constitu-

tive and inducible defenses),” and (4) “there is a trade-off between defense and

other plant functions (growth and reproduction) such that stressed individuals are

less defended” (Rhoades 1979; Stamp 2003). While some of the assumptions of the

ODH are implicit in studies of plant responses to elevated CO2, its hypotheses have

not generally been formally tested in climate change scenarios. The principle of

optimal defense makes different predictions about defense allocation under ele-

vated CO2 depending on assumptions concerning the defensive strategies of plants

(Ayres 1993). The Plant Apparency Hypothesis (Feeny 1975, 1976; Rhoades 1979)

predicts that plants generally have one of two defensive strategies: (1) “quantita-

tive” (apparent plants) or (2) “qualitative” (unapparent plants). So-called “appar-

ent” plants (e.g. long-lived woody species) are readily found by herbivores and

therefore invest heavily in plant defenses that are effective against a broad range of

herbivorous animals. Apparent plants produce quantitative defenses (e.g., tannins

and lignins); their effects are dose dependent and they act to reduce plant tissue

digestibility to herbivores. Unapparent plants on the other hand can readily escape

herbivores in time and space and as a result invest much less in defensive com-

pounds, producing low doses of overtly toxic chemicals such as glucosinolates,

cyanogenic glycosides and alkaloids. If the benefits of defense increase linearly

with investment in secondary chemistry (as in the case of apparent plants) and if

the cost of quantitative defenses decreases under elevated CO2, then the ODH
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would predict that increased CO2 would result in increased concentrations of

allelochemicals in apparent plants. On the other hand if plants are maximally

protected with low concentrations of qualitative compounds (i.e., unapparent

plants) then the ODH predicts no change in allelochemical production under

elevated CO2 (Ayres 1993).

Growth Differentiation Balance Hypothesis:

The GDB (Loomis 1932, 1953; Herms and Mattson 1992) is a framework for

explaining resource allocation to growth vs. differentiation processes under envi-

ronmental perturbations such as alterations in water and nutrient inputs. Growth can

be defined as the irreversible increase in plant size due to cell division and

enlargement, while differentiation refers to processes that occur after cell expansion

that often (but not always) have an antiherbivore function. Processes such as

deposition of lignin, leaf thickening, production of trichomes and thorns, produc-

tion of secondary metabolites, and development of reproductive organs are exam-

ples of differentiation. The GDB hypothesis is based on the premise that plant

growth is inversely proportional to differentiation representing a trade-off in

resource allocation to different sinks. The GDB hypothesis simply states that

limitations in any resource that inhibits growth more than it does photosynthesis

will increase the pool of resources that can be allocated to differentiation. Empirical

studies show that net photosynthesis is not as sensitive to shortages of nutrients and

water, as growth processes (reviewed by Herms and Mattson 1992). Applied to

climate change studies (Mattson et al. 2005; Gayler et al. 2008) the GDB hypothesis

predicts that increases in atmospheric CO2, which stimulate photosynthesis causing

an increase in the C:N ratio and a decrease in plant nitrogen (Cotrufo et al. 1998),

will result in a shunting of photosynthates into differentiation. Hence the production

of secondary metabolites is expected to increase under elevated CO2. As we will

see, predictions based on the GDB hypothesis broadly overlap with those of the

CNB (below) but the two hypotheses differ in their explanations of predicted results

and only the GDB hypothesis addresses cellular development.

The Carbon-Nutrient Balance Hypothesis:

The CNB (Bryant et al. 1983) has been the most widely used of the available

defense allocation models in climate change studies (Fajer et al. 1992; Roth and

Lindroth 1995; Kinney et al. 1997; Hemming and Lindroth 1999; Bezemer et al.

2000; Coviella et al. 2000; Sch€adler et al. 2007), in part owing to the simplicity of

empirical tests of its predictions. As previously mentioned the predictions of the CNB

broadly overlap with those of the GDB hypothesis. However while the GDB makes

predictions about changes in any resource, the CNB hypothesis addresses changes

in nutrient levels only. Under the CNB framework a similar prediction can be made

for elevated CO2 whereby increased photosynthetic rates and consequential increases

in the C:N ratio result in carbon products in excess of those needed for primary

metabolic functions and as such result in increased carbon-based secondary metabo-

lites (Fig. 1). A related prediction is that nitrogen limitations resulting from plant

growth under elevated CO2 will result in a decrease of N-based secondary metabo-

lites (Karowe et al. 1997). Both the GDB and the CNB hypotheses predict that

allocation to secondary metabolites under elevated CO2 will depend critically on
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other plant resource inputs such as nutrients and light, and there is much empirical

evidence to support this (Johnson and Lincoln 1991; H€attenschwiler and Schafellner
1999; McDonald et al. 1999; Agrell et al. 2000; Saxon et al. 2004).

2.3 C and N Allocation to Biosynthetic Classes of Secondary
Metabolites

We performed a literature search using the search terms: (plant) þ (antiherbivory,

alkaloids, cyanogenic glycosides, terpenoids, phenolics, secondary metabolites,

defense) þ (elevated, increased) þ (climate change, CO2) in Google Scholar.

The search returned 101 relevant studies (Appendix 1) with measurements of

608 plant secondary metabolites under elevated CO2 from 191 plants representing

102 species. Measurements of secondary metabolites under elevated CO2 were

recorded and placed into one of four chemical classes (phenolics, terpenoids,

nitrogen-based compounds, and volatiles). Since some studies measured several

individual allelochemicals, while others reported only totals (e.g., total phenolics),

studies with a greater number of measured allelochemicals are thus overrepresented

here relative to single allelochemical reports. The phytochemicals surveyed here

represent constitutively produced compounds, however, the production of allelo-

chemicals can be induced in response to damage by herbivores (see Chapter

“Within-Plant Signalling by Volatiles Triggers Systemic Defences”). The dynam-

ics of herbivore induction of plant allelochemicals may be altered under elevated

CO2. For example Bidart-Bouzat et al. (2005) found that herbivores induced

increases in glucosinolate levels under elevated CO2, but not in ambient conditions.

Figure 2 shows the proportion of measured allelochemicals in each of the four

chemical classes that showed increases, decreases or no change in concentration.

For all classes except phenolics the majority of studies found no change under

Fig. 1 The carbon–nutrient balance hypothesis: (Ct) ¼ total available carbon, (Cg) ¼ carbon

diverted to growth, (Ce) ¼ excess carbon, (Cd) ¼ carbon-based allelochemicals. Nutrient limita-

tions limit growth more than photosynthesis resulting in a net excess of carbon resources. Carbon-

based plant defenses are highest where excess carbon is highest as carbon in shunted from primary

metabolism to secondary metabolism. Redrawn from Stamp (2003)
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elevated CO2. This may be because the null hypothesis is true, or it may be the

result of type II (b) statistical error due to low sample sizes (and hence a lack of

statistical power). It may also be an artifact of the way in which these results are

usually considered. Plant chemical concentrations are usually expressed on a dry

weight basis and the accumulation of predominantly total nonstructural carbohy-
drates (TNC) under elevated CO2 might mask changes in concentrations of carbon-

based secondary or structural compounds (CBSSC). When concentrations of

CBSSC were expressed on a structural dry weight basis, nonsignificant average

increases of flavonoids and soluble phenolics became significant (Poorter et al.

1997; Peñuelas and Estiarte 1998). The two main predictions of the CNB: an

increase in C-based allelochemicals and a decrease in N-based allelochemicals

are not met. Under elevated CO2 N-based compounds increased (18% of cases)

more often than they decreased (16% of cases). For the carbon-based terpenoids,

concentrations increased in 11% of cases and decreased in 27%. The same was true

for the C-based volatile class with increases in 17% of cases and decreases in 23%

of cases. Again, these decreases in carbon-based secondary metabolites under

elevated CO2 do not support the CNB. In the phenolic class however, allelochem-

icals increased in 50% of cases with decreases in only 7% of cases. It has been

suggested that the predictive power of the CNB hypothesis is greater for certain
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n=55 n=343 n=139 n=71

Fig. 2 The percentage of plant-derived allelochemicals that increased, decreased or showed no

change under elevated CO2 for four chemical classes: nitrogen-based compounds (n ¼ 55),

phenolics (n ¼ 343), terpenoids (n ¼ 139) and volatiles (n ¼ 71). N values represent a single

measured chemical compound except in cases where only the change for a specific group was

given (e.g., “total phenolics”). “Elevated” CO2 ranged from 500 to 1,400. Some terpenoids (e.g.,

some monoterpenes and sesquiterpenes) which can be classified as both terpenoids and volatiles,

were placed in the “terpenoid” category when expressed as a concentration (mass compound/unit

mass plant tissue) and were placed in the “volatile” category when expressed as an emission rate

(mass compound/unit plant area/unit time). Studies which measured allelochemicals derived from

plant endosymbionts, or where concentrations of plant-derived allelochemicals were measured in

an interacting nonplant species (e.g., insect tissues) were excluded. In the cases where allelochem-

ical response to CO2 depended on an interacting factor, we attempted to characterize significant

effects based on subjective “ambient” conditions in order to examine the effects of CO2 alone (e.g.,

ambient temperatures)
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chemical classes or subclasses over others (Reichardt et al. 1991; Lerdau and Coley

2002). For example, the CNB hypothesis may better predict allocation to stable end

products and may be less effective for unstable or transient metabolic intermedi-

ates. Reichardt et al. (1991) showed that metabolite turnover determined which

secondary metabolites could be predicted using the CNB framework and suggest

that “dynamic” or transient intermediates (e.g. monoterpenes, sesquiterpenes, and

phenolic glycosides) are less predictable than “stable” metabolic end products such

as tannins and lignin. Predictions may be dependent on the biochemical pathways

involved and appear to be much less conclusive for terpenes (products of the DOXP

(1-deoxy-D-xylulose-5-phosphate and mevalonic acid pathways) and alkaloids

(multiple pathways) (Lerdau and Coley 2002). Even within a given biochemical

pathway, predictions may be more robust for stable metabolic endpoints. Figure 3

shows the breakdown of three subclasses of phenolics: tannins, phenolic glycosides

and phenolic acids, from the literature search described above. Tannins are gener-

ally thought to be stable endpoints of the shikimic acid biochemical pathway while

phenolic glycosides and phenolic acids are transient intermediates. The prediction

that C-based secondary metabolites increase under elevated CO2 was met only for

the tannin subclass where less than 2% of measurements showed decreases in

tannins while increases were shown in over 60% of cases. Results are much more

varied for metabolic intermediates, which corroborates the view that predictions

may be dependent on the stability of metabolites. In addition, compounds such as

phenolic acids and other metabolic intermediates of the shikimic acid pathway

generally represent only a small proportion of plant biomass (Koricheva 2002) and

previous work has suggested that caution should be taken in applying a cost-benefit

approach to compounds which are found in only very low concentrations (Gulmon

and Mooney 1986).
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Fig. 3 The percentage of plant-derived allelochemicals that increased, decreased or showed no

change under elevated CO2 for three subclasses of phenolic compounds: tannins (n ¼ 121),

phenolic acids (n ¼ 20) and phenolic glycosides (n ¼ 34). n values represent a single measured

chemical compound. Tannins are so called stable or “static” metabolic endpoints while phenolic

glycosides and phenolic acids are classified as intermediate or “dynamic” metabolites
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A stipulation of the CNB and GDB frameworks is that changes in allelochemical

allocation are predominantly driven by nutrient limitations that cause excess photo-

synthates to be shunted into secondary metabolism. We therefore wished to con-

sider simultaneous changes in nitrogen and allelochemicals. Our literature search

resulted in 378 studies of carbon-based allelochemical changes for which nitrogen

concentrations were measured simultaneously. Figure 4 shows the N x allelochem-

ical contingency table for these results and the number of measurements showing

the specified changes in nitrogen and allelochemicals. In 69% of cases the nitrogen

concentration decreased under elevated CO2 as predicted. Only a single study found

an increase in N concentration and those that did not detect a statistical change in N

concentrations generally showed a trend towards decreased nitrogen. For the CNB

to be a good predictor we would expect most of the data points to consolidate in the

top right cell corresponding to decreased N and increased C-based allelochemicals.

However, decreased nitrogen and increased allelochemical production accounted

for only 32% of all possible combinations. In only 6% of cases did decreased plant

nitrogen show a simultaneous decrease in C-based allelochemicals. When only

tannins were considered, 52 out of 106 cases (49% – not shown in figure) reported

simultaneous decreases in nitrogen and increases in tannins. Thus, even when

nitrogen concentrations are considered, the results of empirical studies of allelo-

chemical allocation under elevated CO2 are only weakly predicted by existing

frameworks such as the CNB, except maybe for tannins.

Generally, the usefulness of the CNB hypothesis as a predictive and explanatory

tool has been widely debated (Hamilton et al. 2001; Koricheva 2002; Lerdau and

Coley 2002; Stamp 2003). Some suggest that the CNB has outlived its usefulness

(Hamilton et al. 2001) while others suggest that the limitations of the CNB

framework arise from a lack of understanding of the model’s fundamental assump-

tions (Stamp 2003). One criticism of the CNB hypothesis is that it ignores the

complexities of the biochemical machinery involved in the production of plant

defenses (Hamilton et al. 2001). This has resulted in the generation of more
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Fig. 4 Nitrogen concentration � allelochemical concentration contingency table for n ¼ 378

measurements which simultaneously measured carbon-based plant allelochemicals and nitrogen

concentration under elevated CO2. Each cell represents the percentage of studies with the

corresponding change in allelochemical and nitrogen concentrations. (þ) ¼ increased concentra-

tion under elevated CO2, (0) ¼ no change in concentration under elevated CO2, (�) ¼ decreased

concentration under elevated CO2. Data exclude N-based allelochemicals
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mechanistic hypotheses that consider biochemical intermediates rather than simple

cause and effect relationships between the composition of resource inputs and

metabolic endpoints. For example, the Protein Competition Model (PCM) of

phenolic allocation (Jones and Hartley 1999) predicts the allocation and concentra-

tion of phenolics in leaves of terrestrial higher plants based on biochemical path-

ways and regulatory mechanisms. Specifically, the model predicts that protein and

phenolic synthesis compete for the common, limiting resource phenylalanine

(PHE), such that protein and phenolic production are inversely correlated. Under

elevated CO2 the concentration of phenolic compounds can thus be predicted from

the effects of increased carbon on leaf functions that create competing demands for

proteins vs. phenolics. However, it should be noted here that the classification of

defense compounds into “C-based” (e.g., tannins) and “N-based” (e.g., alkaloids)

might not be justified per se, as the production of e.g. alkaloids might be equally or

even more C-costly in terms of required glucose as is the production of phenolics

(3.24 vs. 2.11 g of glucose per gram of alkaloid vs. phenolic; Gershenzon 1994;

Schoonhoven et al. 2005). Furthermore, the production of tannins requires a large

suite of enzymes (>10; Winkel-Shirley 2001), which are very N-costly, whereas

the biosynthesis of the N-based tyrosine derived cyanogenic glycoside dhurrin

requires only three enzymes (Nielsen et al. 2008). Furthermore, not only phenylal-

anine derived phenolics compete with the production of growth-related proteins,

but so do all N-based secondary metabolites which require amino acids as pre-

cursors. Figure 5 shows the biochemical pathways involved in secondary metabo-

lite production, phytohormone production (see Sect. 2.4, this chapter) and primary

metabolic endpoints. The complexity of these biochemical pathways illustrates how

simple predictions based on chemical composition may be misleading.

Even more confounding is the fact that classifications of compounds based on

their biosynthetic origin might not be relevant in the context of defense (or

differentiation) vs. growth allocation. The compound class “phenolics” in fact

represents a wide array of possible structures which are all derived from the

aromatic amino acid phenylalanine produced in the shikimic acid pathway. How-

ever, the major “phenolic” in most plants is lignin, a very complex and large, more

or less inert polymer. Lignin is essential for xylem and cell wall development and so

plays a critical role in all processes related to water transport including photosyn-

thesis and mineral nutrient transport, as well as in structural support for land plants.

Even though one might argue that xylem and secondary cell wall formation is

already “differentiation” as opposed to “growth,” and lignin should therefore be

seen as a “secondary metabolite” it is also clear that the absence of lignin would

lead to the cessation of any growth in land plants. Another example is the even

larger class of isoprene derived terpenoids which comprises molecules critical for

photosynthesis (carotenoids, terpenoid side chain of chlorophylls), electron carriers

(e.g., side chains of plasto- and ubiquinones), membrane structures (sterols), and

plant development related phytohormones (abscisic acid, gibberellins) – all essen-

tial for and not separable from plant growth. We suggest therefore that models of

resource allocation should not be based on chemical structure of metabolites per se,

but rather on functionality of these metabolites.
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2.4 Phytohormones: The Molecular Link Between Physiological
Responses to Elevated CO2 and Secondary Metabolite
Production?

A metaanalysis of responses of photosynthesis, canopy properties and plant pro-

duction to elevated CO2 has shown general trends of increases in light-saturated

carbon uptake, diurnal C assimilation, growth, and above-ground production, and

decreases in specific leaf area and stomatal conductance (Ainsworth and Long

2005). It has also been shown that, on average, stomatal density decreases under

elevated CO2 (Woodward 1987; Woodward and Bazzaz 1988), resulting in reduced

transpiration rates and improved water use efficiency (Woodward 2002; Teng et al.

2006). It has been proposed that the signaling of CO2 and the induction of these

physiological responses is mediated by shifts in the biosynthesis and accumulation

of phytohormones, in particular abscisic acid, ethylene, jasmonates, and cytokinins

(Yong et al. 2000; Lake et al. 2002; Teng et al. 2006). Furthermore, sugars like e.g.

glucose can act as signaling molecules and influence the biosynthesis of these

phytohormones (Léon and Sheen 2003; Gibson 2004, 2005; Rolland et al. 2006;

Bossi et al. 2009), and increased hexose levels in plants under elevated CO2 might

affect these signaling processes as well.

Phytohormones are also closely linked to the biosynthesis of a wide range of

secondary metabolites involved in plant defenses. Figure 5 shows some of the path-

ways involved in secondary metabolite and phytohormone production. Jasmonates in

particular have been linked to plant defense and immunity, and recent excellent

reviews have summarizedmolecular mechanisms of their action as signal transducers

in plant–herbivore interactions (Howe and Jander 2008; Browse 2009). Evidence for

herbivore-induced production of jasmonates and for their roles in plant immunity is

largely based on studies with jasmonate mutants that are compromised in resistance

against a wide range of insect herbivores (see references in: Howe and Jander 2008;

Browse 2009). It has also been demonstrated that jasmonates interact with other

phytohormones like ABA and ethylene, as well as sugar signals (Gazzarrini and

McCourt 2001), and that cross-talk between ethylene and jasmonate signaling path-

ways determine the activation of specific defense responses (Lorenzo et al. 2003).

Jasmonates are formed from the fatty acid linolenic acid in the octadecanoic

pathway (Schaller et al. 2004). Several intermediates of this pathway as well as the

resulting jasmonates have been shown to induce the biosynthesis of terpenoids in

conifers (Martin et al. 2002) and tomatoes (Ament et al. 2004), terpenoid indole

alkaloids in Catharanthus rosea (Menke et al. 1999), and terpene volatiles in

Fig. 5 Schematic overview of plant metabolic pathways (simplified and plant specific modified

version of KEGG overview of biosynthetic pathways); http://www.genome.jp/kegg/pathway/map/

map01010.html) from primary metabolites (black open) to secondary metabolites (red shaded),
primary “end” metabolites (black shaded) and phytohormones (blue shaded). �CO2 and N

represent the regions where biochemical processes lead to the incorporation (þ) or release (�)

of CO2 or N. See Appendix 2 for a list of abbreviations

<
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Brassica oleraceae (Bruinsma et al. 2009). A study on terpene volatile induction in

lima beans also reported that early and late intermediates of the octadecanoic

pathway induce the accumulation of different terpenoids, resulting in a different

“blend” of volatiles (Koch et al. 1999).

Only a few studies tested a relationship between elevated CO2, phytohormone

production, and plant defense responses, but it has been demonstrated that elevated

CO2 down-regulated genes involved in ethylene and jasmonate production, and that

in turn resulted in the down-regulation of the expression of genes for an antiherbi-

vorous cysteine proteinase inhibitor and enzymes of the phenylpropanoid pathway

in soybean, compromising the plants’ resistance against some insect herbivores

(Zavala et al. 2008, 2009). We propose therefore that studies on phytohormones

may provide a molecular link between physiological responses to elevated CO2 and

plant secondary metabolites and should be studied in more detail to unravel

mechanisms of changes in defense metabolite production under elevated CO2.

3 Trophic Interactions and Climate Change

3.1 Plant–Herbivore Interactions and Elevated CO2

Changes in the quality of host plants for phytophagous insects in an atmosphere

with higher levels of CO2 will likely be driven by two predominant factors:

allelochemicals and nitrogen. As discussed in Sect. 2.2 nitrogen decreases under

elevated CO2 are almost ubiquitous in plants, whereas carbon-based allelochem-

icals are expected to increase, albeit with many exceptions. Thus, a general

prediction emerges whereby simultaneous decreases in nitrogen and increases in

allelochemicals will have a net negative effect on herbivorous insects. As we will

see below, this simple prediction is also subject to many exceptions and dependent

on many interacting factors. Understanding the impact of CO2-mediated changes in

plant quality on insect herbivores, and how herbivory in turn will affect plant

growth, is dependent on understanding how these changes affect insect perfor-

mance parameters at both the individual and population levels.

Empirical studies:

For the literature search described in Sect. 2.3, a subset of studies (n ¼ 38)

also reported herbivore responses to CO2-induced changes in secondary metabo-

lites. Figures 6 and 7 below are derived from these reports. It should be noted

however that correlation analyzes between insect performance parameters and

allelochemical production were reported in only a minority of these studies. As

such, the covariation of allelochemical concentration and insect performance pre-

sented here do not necessarily imply causation and these data should thus be

interpreted with caution. Insect performance was typically measured using life

history traits such as survival, body size, development time, fecundity, and growth

rate. As predicted by life history theory, many of these traits typically covaried. For

example decreased body size was often associated with increased development
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time. An overall performance score (increased, decreased or no change) was given

to each study based on these traits. Again plant chemistry data must be interpreted

with caution as they are based on simultaneous measurements of allelochemicals

and insect performance, and as such, performance of a given insect is overrepre-

sented here in cases where multiple allelochemicals are measured in a single study.

Figure 6a shows the contingency table derived from these data for insect

performance vs. allelochemical concentration (n ¼ 216). Insect performance

decreased in 44% of cases (96 out of 216), was unchanged in 43% of cases (92

out of 216) and increased in 13% of cases (28 out of 216). In cases where

allelochemicals increased (80 out of 216) insect performance decreased 48% of

the time (38 out of 80). In some cases insect performance was negatively correlated

with increases in specific groups of allelochemicals such as phenolic glycosides

(Lindroth et al. 1997; McDonald et al. 1999). However, where allelochemicals

decreased (19 out of 216) surprisingly more often than not insect performance also
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Fig. 6 (a) Insect performance � allelochemical concentration contingency table for n ¼ 216

measurements which simultaneously measured allelochemical concentration and insect perfor-

mance under elevated CO2 and (b) Insect performance � nitrogen concentration contingency

table for n ¼ 59 measurements. Each cell represents the number of measurements with the

corresponding change in allelochemical concentration, N concentration and insect performance.

(þ) ¼ increased concentration or performance under elevated CO2, (0) ¼ no change in concen-

tration or performance under elevated CO2, (�) ¼ decreased concentration or performance under

elevated CO2. Insect performance was classified as negative in cases where decreases in survival,

mass, growth rate or fecundity, or increases in development time or mortality were reported. The

opposite was used to denote decreases in performance. Where none of the above performance

parameters changed, overall insect performance was counted as unchanged
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decreased (53% of cases) which suggests that factors other than allelochemicals

may be strong determinants of insect performance under elevated CO2. We exam-

ined the effect of nitrogen on insect performance in the same way (Fig. 6b). As

expected, nitrogen did not increase in any of the 59 observations but decreased, as

predicted, in 76% of cases. Where nitrogen decreased, insect performance

decreased in 23 of 45 cases (51%). Thus, several generalities can be made from

the effect of CO2 on nitrogen and allelochemicals, and their subsequent effect on

insect herbivores, however some of the conceptual and theoretical models proposed

here are only weakly predictive. The variable nature of these data is likely to occur

for several reasons. Firstly, the predictive frameworks explained here, and those

often used in climate change biology, are often far too simplistic to capture the

complexities of species interactions in heterogeneous environments. These inter-

actions will depend critically on the environmental context in which they occur and

will be subject to several interacting variables. For example, changes in the inter-

actions between plants and insects under elevated CO2 are dependent on light

regime (McDonald et al. 1999; Agrell et al. 2000), soil nutrient status (Johnson

and Lincoln 1991; H€attenschwiler and Schafellner 1999; Saxon et al. 2004),

atmospheric ozone levels (Kopper et al. 2001; Kopper and Lindroth 2003), temper-

ature (Veteli et al. 2002; Williams et al. 2003) and plant and insect genotype

(Goverde et al. 2004; Saxon et al. 2004). The plant-mediated effects on insect

herbivores will also depend on herbivore sensitivity to such changes. Just as plants

have a range of plastic responses to elevated CO2, herbivores too can alter or

compensate for elevated CO2-mediated changes in plant quality by altering feeding

rates and efficiency.

Compensatory feeding:

In many cases, insect herbivores can compensate for decreases in the nutritional

quality of plants grown under elevated CO2 by increasing their food intake (Johnson

and Lincoln 1990; Lindroth et al. 1993; Kinney et al. 1997; Mansfield et al. 1999;

Agrell et al. 2000). Figure 7a shows the herbivore consumption rate vs. nitrogen

concentration contingency table generated from the reports described above. This

table summarizes insect plastic feeding response to elevated CO2-induced nutrient

deficiencies. In no cases did consumption decrease under elevated CO2 suggesting

that food intake rate is critical for insects feeding on elevated CO2-grown plants. In

the 30 cases where N decreased, increased consumption rates occurred in 57% (17)

of observations. However, increased intake did not always correlate with insect

performance in the studies examined here and compensatory feeding did not always

result in full N intake compensation. For example, H€attenschwiler and Schafellner

(1999) found that nun moth larvae that increased their relative consumption rates

on N-deficient plants grown under elevated CO2 still consumed on average 33%

less nitrogen.

Consumption rates were unchanged in 43% of cases where plant N decreased

(Fig. 7a). In some cases compensatory feeding was shown to be limited by the

presence of different classes of allelochemicals such as terpenoids (Johnson and

Lincoln 1990, 1991) and phenolic glycosides (Roth et al. 1998). Figure 7b shows

the contingency table for allelochemicals vs. consumption. In cases where
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allelochemicals increased under elevated CO2, compensatory feeding occurred about

half of the time, where allelochemicals did not change compensatory feeding

occurred in 63% of cases and where allelochemicals decreased compensatory feed-

ing occurred in 67% of cases. This suggests that allelochemical concentration may

have an effect on compensatory feeding though this is difficult to assess as cases

where allelochemicals decreased were low (9 out of 121 measurements). Herbivores

may also compensate for decreases in nutritive value of host plants in ways that alter

food processing efficiency. For example, larvae of the red-headed pine sawfly

increased their nitrogen utilization efficiency under elevated CO2 in response to

declines in nitrogen concentration in loblolly pine (Williams et al. 1994). In addition,

it has been shown that insect herbivores exposed to multiple species of plants may

offset the negative effects associated with elevated CO2 by partial host shifts or by

feeding on alternative plant parts (Williams et al. 1997; Agrell et al. 2005).

In agricultural systems, compensatory feeding may have implications for crop

yields. Insects that increase their consumption due to high C:N ratios under elevated

CO2 can increase their exposure to pesticides resulting in increased mortality

(Coviella and Trumble 2000). It is generally predicted that elevated CO2 will

have a net positive effect on agricultural yields and increased efficacy of insecticides
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Fig. 7 (a) Insect herbivore consumption � nitrogen concentration contingency table for n ¼ 37

measurements which simultaneously measured nitrogen concentration and consumption rates

under elevated CO2. (b) Insect herbivore consumption � allelochemical concentration contin-

gency table for n ¼ 121 measurements which simultaneously measured carbon-based plant

allelochemicals and consumption rates under elevated CO2. Each cell represents the number of

studies with the corresponding change in allelochemical concentrations, consumption rates and

nitrogen concentrations. (þ) ¼ increased concentration under elevated CO2, (0) ¼ no change in

concentration under elevated CO2, (�) ¼ decreased concentration under elevated CO2
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could potentially augment this result. However, assessing the net impact of elevated

CO2 on agricultural systems is subject to several considerations. In many cases

compensatory feeding has been shown to occur in response to decreases in the

nutritional quality of plants under elevated CO2 with no corresponding changes in

insect performance (Johnson and Lincoln 1990; Lindroth et al. 1993; Williams et al.

1994; Docherty et al. 1996; Kinney et al. 1997; Roth et al. 1998). However, the net

effect on plant productivity will depend on whether increases in plant biomass can

ameliorate increases in defoliation (Hunter 2001). Other factors may also influence

herbivore feeding rates under elevated CO2. For example, Hamilton et al. (2005)

found that the leaf area of soybean plants removed by insect herbivores increased

by up to 57% under elevated CO2 due to the phagostimulatory effect of sugar which

increased in concentration. However, since CO2-mediated resource allocation in

plants is likely to depend critically on nutrient inputs (Johnson and Lincoln 1991;

H€attenschwiler and Schafellner 1999; Saxon et al. 2004), this means that some of

these effects may be buffered by controlling fertilization levels in agricultural

contexts.

A challenge for climate change ecologists is the ability to broadly predict the

effects of elevated CO2 on plant–insect interactions which can in turn have pro-

found effects on ecosystems as a whole. It may be possible that generalities can be

made and models derived at specific levels of ecosystem complexity. Plant vari-

ables which are likely to be strong determinants of ecosystem responses and which

should be incorporated into mechanistic models are photosynthetic machinery (C3

vs. C4), growth rates (fast vs. slow growing species), symbiotic associations (e.g.,

rhizobia and N2 fixation; fungal endophytes and their antiherbivorous toxins;

mycorrhizae and P uptake), agricultural vs. natural ecosystems and plant chemical

profiles. Insect responses in turn will depend on levels of insect specialization, guild

effects, sensitivity to changing plant quality and capacity to compensate for nutri-

tive deficits.

3.2 The Effects of Elevated CO2 on Higher Trophic Levels

Global atmospheric change can be reasonably expected to have consequences, not

just for plants and their herbivores, but for ecosystems as a whole. Changes in

primary productivity are expected to alter an array of community interactions and

ecosystem functions. For example, increased lignin:nitrogen and C:N ratios in the

litter of deciduous trees grown under elevated CO2 can cause decreases in decom-

position and respiration rates (Cotrufo et al. 1994). Elevated CO2 has also been

shown to affect soil microbial composition and activity (Runion et al. 1994).

Changes in the biotic and abiotic structure of soils are likely to have profound

effects on ecosystems via feedbacks to primary production. Plant–fungal interac-

tions are likely to also be affected by elevated CO2. Symbiotic fungal endophytes of

grasses can impact the primary metabolic response of the host plant to elevated CO2

which in turn is expected to affect other trophic levels. Recent studies have shown
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that endophyte infection can buffer the plant’s nitrogen metabolism response to

elevated CO2 in both tall fescue (Newman et al. 2003) and perennial ryegrass (Hunt

et al. 2005). For soil fungi, increases in the hyphal length and activity of saprophytic

fungi, along with increases in mycorrhizal infection of roots, have been reported

(Dhillion et al. 1996). Increasing atmospheric CO2 may also have consequences for

plant–plant communication though to our knowledge this has never been explicitly

tested. Baldwin and Schultz (1983) demonstrated that herbivory can induce volatile

cues in plants that signal the presence of herbivores to other plants. Nearby plants

then alter their secondary chemistry in a way that makes them less palatable to

herbivores, and this response is likely to depend on the genetic relatedness of plants

(Karban and Shiojiri 2009). Thus, plant–plant communication may be affected by

CO2-induced changes in volatile emissions which have been demonstrated in

several studies (Tognetti et al. 1998; Constable et al. 1999; Loreto et al. 2001;

Kreuzwieser et al. 2002; Rapparini et al. 2004; Vuorinen et al. 2004a; Himanen

et al. 2009). Figure 8 shows the number of studies that have examined the effects of

CO2-induced changes in plant defensive chemistry on several important community

interactions. Studies have been dominated by the effects of elevated CO2 on plant

secondary chemistry, are common for subsequent effects on herbivores and

decrease in number with higher trophic levels, highlighting the need for investiga-

tion of elevated CO2 on broader community interactions. Recent studies suggest

that changes in plant defensive chemistry under elevated CO2 may have profound

consequences for herbivore enemies.

The effects of elevated CO2 on the production of plant allelochemicals may

influence higher trophic levels either directly or indirectly (herbivore-mediated)
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Fig. 8 The number of publications located on the effects of elevated CO2 on plant secondary

chemicals and the subsequent effects on higher trophic levels
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(see Fig. 8). Higher trophic levels are attracted by herbivore-induced damage

volatiles which signal to natural enemies (predators and parasitoids) that herbivores

are present (direct effect). Changes in emission rates and composition of plant-

derived VOCs under elevated CO2 may alter the fitness of natural enemies through

alterations in this olfactory cue and the subsequent capability of natural enemies

to locate herbivores. Vuorinen et al. (2004b) found changes in the orientation

behavior of a generalist predator Podisus maculiventris in the presence of herbi-

vore-damaged cabbage plants grown under elevated CO2. In the same study it was

found that the specialist parasitoid Cotesia plutellae was unable to orient itself

towards herbivore-damaged plants grown under elevated CO2. At ambient CO2

levels both species are able to detect herbivore presence via herbivore-induced

plant volatiles. Thus herbivore-induced damage response by higher trophic levels

may be diminished under elevated CO2. This is expected to have profound effects

for herbivore enemies in changing atmospheres particularly in light of the sugges-

tion that herbivore-induced volatiles are the single most reliable prey location cue

for generalist predators (Vet and Dicke 1992). Research suggests that natural

enemy attraction may depend on the concentration of volatiles released. For

example, transgenic Arabidopsis thaliana plants engineered to overexpress a ter-

pene synthase gene were found to increase in attractiveness to the parasitic wasp

C. marginiventris when plants were damaged by lepidopteran larvae (Schnee et al.,

2006). However data on volatile emission rates under elevated CO2 have been

highly inconsistent and may covary with other plant variables sensitive to CO2-

induced changes. Compensatory feeding by herbivores on nutrient deficient plants

grown under elevated CO2 may cause increases in inducible defenses such as VOC

emissions (Himanen et al. 2009) which could alter enemy behavior. However,

changes in orientation behavior may be dependent on the sensitivity of herbivore

enemies to changes in plant volatiles. For example, Himanen et al. (2009) found

that damage-induced volatiles from B. napus plants increased under elevated CO2

but there was no difference in the orientation behavior of the endoparasitoid

C. vestalis between the treatments.

The effects of elevated CO2 on plant defensive chemistry may also affect higher

trophic levels indirectly through ingestion of plant chemicals by herbivores that in

turn may alter parasitoid or predator survival. However, few studies have examined

the indirect effects of CO2-induced changes in plant chemistry on higher trophic

levels. Roth and Lindroth (1995) found that the effect of parasitism on gypsy moth

performance did not change under elevated CO2. However, parasitoid mortality

increased, especially on aspen grown under elevated CO2 where sensitivity of

parasitoids to the accumulation of phenolic glycosides by the gypsy moth due to

compensatory feeding may have been a factor. In a similar study elevated CO2 had

little effect on the survivorship of the dipteran parasitoid Compsilura concinnata
when its host Malacosoma disstria was fed on aspen grown under elevated CO2

(Holton et al. 2003).

Elevated CO2 may also have implications for plant-mediated production

and perception of alarm responses of herbivores. For example, in potato aphids

(Aulacorthum solani) feeding on broad bean (Vicia faba) grown in elevated CO2 it
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was found that the ability to produce alarm pheromone in the presence of a

disturbance was reduced, as was the ability of the recipient to detect the pheromone

(Awmack et al. 1997). Diminished escape responses by aphids under elevated CO2

have also been demonstrated in subsequent studies (Mondor et al. 2004). It has been

hypothesized that the ability of herbivores to detect conspecific alarm signals may

depend on the surrounding chemical environment produced by the plant (Dill et al.

1990). Thus CO2-induced changes in volatile emissions may have implications for

herbivore–herbivore communication.

4 Conclusions

Here we examined the effect of elevated CO2 on plant allocation to secondary

defense and subsequent effects on higher trophic levels. A great deal of empirical

studies have been undertaken at the level of the plant and some general patterns

have emerged from these investigations. In general carbon-based secondary meta-

bolites have a tendency to increase, though this is likely to be pathway dependent.

Thus, more mechanistic models are needed in order to help us understand some of

this complexity. If we are to predict the effects of CO2 on plant chemistry we will

need to be able to determine where generalities can be made, where they cannot and

what can be learned from exceptions to these generalities. Although we have

focused on secondary metabolites here, the primary metabolic response will also

have broad implications for bottom–up interactions in a high CO2 atmosphere. In

addition, interacting factors are likely to profoundly affect the response to elevated

CO2. We have already seen that changes in plant chemistry and nutrient status are

the most common determinants of herbivore responses and subsequent responses of

higher trophic levels. In general, insect herbivores are expected to have decreased

performance if nitrogen concentrations decrease and plant defenses increase.

However, plant responses and subsequent herbivore responses will likely depend

on factors such as temperature, ozone, nutrients, water availability and light

availability.

The possible role of evolution in species’ responses to CO2 and other climate

change projections in the next century is often precluded from discussions of

climate change impacts and the majority of studies assess only the plastic response

of organisms. Thus it is generally accepted that species will either adjust to

perturbations within their physiological range or become extinct. This is true for

many of the long-lived woody plant species which tend to dominate the literature on

elevated CO2. However, in many cases herbivorous insects may fit the criteria for

rapid evolutionary adaptation, that is: large population sizes (>105–106), short

generation times (e.g. <1 year) and high intrinsic rates of increase (e.g. rm > 0.5/

generation) (Kingsolver 1996). For example, genetic changes in fruit flies have

been associated with adaptation to climate warming (Umina et al. 2005; Balanyá

et al. 2006). Thus there is a need for longer term studies on the community effects

of CO2. Even in the absence of adaptation per se, plants have the potential to
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acclimatize to changing conditions over time and studies have shown than plants

can exhibit a high level of adaptive plasticity. For example, for some plants,

changes in photosynthetic rates associated with elevated CO2 may be transient

(Bazzaz 1990). Also, the single-step increase in elevated CO2 adopted in the design

of most experiments is not representative of the gradual increases seen in reality and

this may have implications for observed changes. For example, Klironomos et al.

(2005) showed that long term gradual increases in elevated CO2 resulted in no

change in the diversity of mycorrhizal fungi relative to ambient but an abrupt step

increase reduced diversity due to the sensitivity of some species to this change.

Ecosystem-wide responses to increasing CO2 will be difficult to predict given

the complexity of interactions which exist in even the most elementary ecosystems.

More research is needed to even begin to formulate general principles with regard

to responses of higher trophic levels. Even then, individual responses may not

predict the response of communities as a whole. Differences in the physiological

sensitivities of certain groups or species and the differential ability of organisms to

adjust to atmospheric changes might reasonably be expected to alter relative

abundances, which in turn may have consequences for ecosystem diversity and

function. Figure 8 highlights the gaps in our knowledge with respect to community

effects of elevated CO2 and reveals the scarcity of studies on higher trophic levels,

below ground effects and intraspecific communication. The complexity of commu-

nities necessitates the identification of those variables which are likely to be of

utmost importance. Ecosystem-wide studies will benefit from technologies such as

free-air carbon enrichment (FACE) and open-topped chambers (OTC) which will

be of great importance in assessing effects on natural communities.
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Appendix 2

List of Abbreviations for Fig. 11.5

Alkaloids (red)

ImiAlk Imidazole alkaloids

AromAlk Aromatic alkaloids

Quinazoline alkaloids (from anthranilate, precursor of L-Trp)

Quinoline alkaloids (from anthranilate, precursor of L-Trp)

Acridine alkaloids (from anthranilate, precursor of L-Trp)

Indole alkaloids (from L-Trp)

Quinoline alkaloids (from L-Trp)

Tetrahydroisoquinoline alkaloids (from L-Tyr)

Benzylisoquinoline alkaloids (from L-Tyr)

Amaryllidaceae alkaloids (from L-Tyr)

PyrAlk Pyridine alkaloids (from nicotinate, product of L-Asp)

PipAlk Piperidine alkaloids (from L-Lys)

QuinoAlk Quinolizidine alkaloids (from L-Lys)

IndoAlk Indolizidine alkaloids (from L-Lys)

PyrroAlk Pyrrolizidine and pyrrolidine alkaloids (from L-Orn)

TropAlk Tropane alkaloids

Other secondary metabolites (red)

CyG Cyanogenic glycosides

GSL Glucosinolates

PhenProp Phenylpropanoids (includes hydroxycinnamic acids, e.g. caffeic

acid, and their esters, e.g. chlorogenic acid; also hydroxycinnamic

aldehydes and alcohols)

(Iso)Flav Isoflavonoids and flavonoids

Anthocy Anthocyanins
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CTs Condensed tannins

HTs Hydrolyzable tannins, e.g. ellagitannins

. . .terp . . .terpene
CardiacGlyc Cardiac glycosides

SteroidSap Steroid saponins

Phytohormones (blue)

SA Salicylic acid

ABA Abscisic acid

Strigolact Strigolactone

Gibberel Gibberellins

BrassSter Brassinosteroids

Jasm Jasmonates

Polymeric (essential) metabolites (gray)

Ubiquin Ubiquinones

Plastoquin Plastoquinones

MemSterols Membrane sterols like e.g. cholesterol

Intermediates (no fill)

Amino acids

L-His L-Histidine

L-Trp L-Tryptophan

L-Phe L-Phenylalanine

L-Tyr L-Tyrosine

L-Ala L-Alanine

L-Val L-Valine

L-Leu L-Leucine

L-Asp L-Aspartate

L-Asn L-Asparagine

L-Met L-Methionine

L-Thr L-Threonine

L-Ile L-Isoleucine

L-Lys L-Lysine

L-Glu L-Glutamate

L-Gln L-Glutamine

L-Arg L-Arginine

L-Pro L-Proline

L-Orn L-Ornithine

L-Gly L-Glycine
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L-Ser L-Serine

L-Cys L-Cysteine

Isoprenoid/terpene

intermediates

IPP Isopentenylpyrophosphate

GPP Geranylpyrophosphate

FPP Farnesylpyrophosphate

GGPP Geranylgeranylpyrophosphate

Others

Shik Shikimate
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Exploiting Plant Signals in Sustainable

Agriculture

Toby J.A. Bruce

Abstract Plants respond to chemical signals (semiochemicals) that are associated

with insect or pathogen attack by modifying their metabolism accordingly so that

defence pathways are switched on or primed. Once the relevant semiochemicals or

analogues are identified, these signals can be artificially applied to achieve similar

effects. Such plant activator agrochemicals represent an entirely different approach

from the one traditionally used by the agrochemical industry of deploying pesticide

molecules to kill pests. These chemicals do not have direct effects on pests and

diseases but upregulate plant defence genes that increase plant resistance to attack.

Plant activators are compatible with integrated pest management (IPM) systems

and even enhance biocontrol techniques by promoting plant attractiveness to

natural enemies of plant pests, as natural enemies of pests prefer induced plants.

The plant defence traits activated are often complex relying on the expression of

many genes, which makes it harder for pests to adapt to them. Current practise and

future prospects are reviewed in this chapter.

1 Introduction

There is a need for new preventative approaches to achieve sustainable pest

management because control measures based on pesticides alone provide only

short-term relief and have undesired economic and environmental consequences

(Lewis et al. 1997). Natural plant signals can be used to develop alternatives for

pesticides by using them to elicit plant defence or by producing crop cultivars that

are more responsive to them (Chapter ‘Volatile Interactions Between Undamaged

Plants: Effects and Potential for Breeding Resistance to Aphids’). Plant activator

agrochemicals represent an entirely different approach from the one traditionally

T.J.A. Bruce
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used by the agrochemical industry of deploying pesticide molecules to kill pests as

they do not have direct effects on pests and diseases but upregulate plant defence

genes that increase plant resistance to attack. Before the discovery of chemical

elicitors, induced resistance using plant immune responses was not a feasible

approach for use in agriculture because of the complication of vaccinating with

organisms to protect against subsequent attack (Thaler 1999a). Now, enhancement

of natural plant defence processes is a real prospect although much remains to be

learnt about it. The utilisation of natural plant immunity is a goal of modern

agriculture (von Rad et al. 2005) and the use of elicitors to induce plant immunity

is expected to become more important in the future.

There is a growing trend towards replacement of pesticides, for example with

biological control agents, because of problems with insecticide resistance and

consumer pressures to eliminate pesticide residues from food (van Lenteren

2000). Broad spectrum pesticides kill predators and parasitoids as well as the

pests and this sometimes leads to pest resurgences later in the season. In contrast,

plant activators are compatible with integrated pest management (IPM) systems and

even enhance biocontrol by increasing plant attractiveness to natural enemies

(Dicke and Dijkman 1992; Whitfield 2001; Stout et al. 2006; Turlings and Ton

2006; Chapter ‘Volatile Chemical Interaction Between Undamaged Plants: Effects

at Higher Trophic Levels’). Activators of natural plant defences have thus been

proposed as useful tools within IPM strategies that aim to minimise the use of toxic

products (Vallad and Goodman 2004). Reducing the release of toxins into the

environment by use of alternative control techniques in crop protection would

also reduce selection pressure for the development of pesticide resistance by pests

thus conserving the efficacy of pesticides. This is arguably more important for

agricultural sustainability if we consider sustaining consistent agricultural yields

against the threat posed by attacking pests, diseases and weeds that can evolve

resistance to control measures. The plant defence traits activated are often complex

relying on the expression of many genes which makes it harder for pests to adapt to

them (Gardner et al. 1999). In terms of sustainability, just having another weapon in

the armoury for control of pests increases the options for crop protection in the

future and thus adds to improve yield security.

The ability of plants to respond to chemical signals (semiochemicals) that are

associated with insect or pathogen attack allows them to fine tune their metabo-

lism according to the likelihood of exposure to biotic stress factors. For example,

emission of herbivore induced volatiles from neighbouring plants can lead to

activation of defence pathways that make a plant more resistant to insect attack

(Farmer and Ryan 1990; Karban et al. 2000; Baldwin et al. 2006). The concentra-

tion of volatiles that is required for this may mean that under natural conditions

plant–plant interactions mediated by volatile signals occur over relatively short

distances. However, in an agricultural situation artificial application of plant

semiochemicals can overcome these distance limitations and there are opportu-

nities to exploit natural plant signalling processes in alternative crop protection

strategies that trigger priming or induction of defence pathways in crop plants. In

this context it should also be possible to use semiochemicals that are more active
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than the ones plants are naturally exposed to. Induced defence occurs naturally, as

exposure to early season herbivores in the field enhances defence against other

herbivores that arrive later in the season (Poelman et al. 2008). The challenge for

exploiting induced defence in crop protection is to identify the semiochemical

signals that can achieve similar effects with interventions that use semiochemical

application instead of insect damage to induce defence metabolism.

2 Induction and Priming of Plant Defences

Induced plant defence traits require a signal to elicit them (Fig. 1). Such signals

have the potential to immunise plants against infection by activating defence path-

ways (Lyon et al. 1995). Plants possess several inducible, systemic defence

responses to pests and pathogens (Agrawal 1998; Vallad and Goodman 2004;

Bruce and Pickett 2007). The two signalling pathways best known to regulate

plant defence against biotic stress are the one regulated by salicylic acid (SA)

that is often associated with systemic acquired resistance (SAR) against microbial

pathogens (Sticher et al. 1997; Lucas 1999) and the other regulated by jasmonic

acid (JA) that often provides resistance against herbivorous pests and necrotrophic

pathogens. Although early research on induced defence signalling in plants linked

the SA pathway with defence against pathogens and the JA pathway with defence

against herbivores, numerous recent studies have shown a more complex picture,

with varying involvement of both pathways in different pathogen and herbivore

interactions depending on the species involved (Stout et al. 2006; Bruce and Pickett

2007; Zhu-Salzman et al. 2008). Furthermore, it is possible that other defence

pathways exist that we do not yet know about.

Many chemical activators of induced defences against biotic attackers are

known (Paré et al. 2005) and some of these have been commercialised for crop

protection (Vallad and Goodman 2004; von Rad et al. 2005). However, sustained

activation of defence may be costly in terms of resources, and long-term activation

Constitutive
resistance traits are
always expressed

Induced resistance
traits only expressed
after exposure to a
signal

- attacking organism

- chemical surrogate
  (plant activator)

plant is ready to
mount quicker or
stronger defences

Primed resistance
traits expressed
after exposure to
a signal AND
subsequent attack

Induced
defence

Constitutive
defence

Primed
defence

Fig. 1 The different types of plant defence traits
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of induced defences can result in yield penalties (Vallad and Goodman 2004; van

Hulten et al. 2006) although this was not found with JA induced tomato plants

(Thaler 1999a) and the release of volatiles is not necessarily very costly (Aharoni

et al. 2005). An alternative to direct activation of defence, is ‘priming’.

The process of priming occurs when prior exposure to a biotic or an abiotic

stimulus sensitises a plant to express a more efficient defence response to future

exposure (Conrath et al. 2006; Beckers and Contrath 2007; Bruce et al. 2007).

Primed plants display either faster and/or stronger activation of the various defence

responses that are induced following pathogen or insect attack or exposure to

abiotic stress. This was shown for example by Ton et al. (2007) in maize where

exposure of plants to volatiles from caterpillar-infested plants did not activate

defence genes directly but primed a subset of them for earlier and/or stronger

induction upon subsequent defence elicitation. Synthetic chemicals, as well as

natural stress conditions, can be used to prime defence when applied artificially

to a plant (Jakab et al. 2005; Ton et al. 2005, 2007; Engelberth et al. 2007; Kessler

et al. 2006; Heil and Silva Bueno 2007). Another advantage of priming is that it

could avoid conflicts in plant signalling pathways (e.g. between SA and JA)

because a plant may be primed for several defence pathways at once (Dr J. Ton,

personal communication). Some evidence for this was obtained by van Wees et al.

(2000) where JA and SA activation gave additive effects against Pseudomonas
syringae pv. tomato. With priming, defence genes are not expressed immediately

after treatment and so it may be possible for different suites of genes to be

upregulated upon attack by different types of attackers. As plants face a diversity

of different attacking organisms (Fig. 2) as well as abiotic threats it is necessary for

them to have a system of defences that is suited to this (Stout et al. 2006).

There can be genetic variability in plant response to activator treatment (Vallad

and Goodman 2004; Chapters ‘Volatile Chemical Interaction Between Undamaged

Fig. 2 Crop plants are attacked by a variety of antagonistic pests, diseases and weeds
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Plants: Effects at Higher Trophic Levels’ and ‘Volatile Interactions Between

Undamaged Plants: Effects and Potential for Breeding Resistance to Aphids’). It

is important to consider this factor otherwise there could be variable performance in

terms of efficacy with different crop cultivars. However, this also represents an

opportunity because there is the potential to use a plant activator in a package with

selected crop cultivars that offer the best genetic potential for induced defence.

Another problem is that some plant activators may be phytotoxic and this aspect

should be considered when developing them.

3 Exploiting Plant Semiochemicals for Agriculture

3.1 Plant Diseases

Plant activators can be used against plant diseases and several of these have been

commercialised. S-Methyl benzo [1,2,3]thiadiazole-7-carbothioate (BTH or ben-

zothiadiazole) is a chemical analogue of SA and is used to induce SAR against plant

diseases. It is commercially available from Syngenta as ‘Bion’ in Europe or

‘Actigard’ in the USA and has been used in the field to control a range of plant

diseases reviewed by Vallad and Goodman (2004). These include bacterial spot and

bacterial speck in tomatoes (Louws et al. 2001; Herman et al. 2008) and Stemphylium
leaf blight disease in onion (Kamal et al. 2008). Other plant activators based on

plant growth promoting rhizobacteria that activate induced systemic resistance

(ISR) are available (Vallad and Goodman 2004; Herman et al. 2008), for example,

‘BioYield Concentrate’ from Bayer CropScience contains endospores of Bacillus
subtilis and B. amyloliquefaciens. ‘Oxycom’ (Redox Chemicals Inc., Burley, ID,

USA) is another commercially available product that contains reactive oxygen

species, SA and other chemicals and was shown to induce SAR in tobacco (Yang

et al. 2002). ‘Messenger’ (Eden Bioscience Co., Bothwell, WA, USA) contains

harpin, an elicitor from Erwinia and Pseudomonas species that induces a hyposen-
sitive response eventually leading to SAR. Chitosan, a deacetylated form of chitin

obtained from the outer shell of crustaceans such as crabs, krill and shrimp is

reported to have activity as a plant defence elicitor as well as direct fungicidal

activity (Bautista-Banos et al. 2006). Less well defined activator substances are also

available including plant extracts ‘Bio-S’ (Gebruder Schatte KG, Bad Waldsee,

Germany) and ‘Neudo Vidal’ (W. Neudorff GmbH KG, Emmerthal, Germany) and

an extract of Pseudomonas fluorescens ssp. Proradix called ‘PRORADIX’ (Sour-

con Padena GmbH & Co. KG, Tubingen, Germany). These were found to activate

systemic immunity by a complex pattern of gene activation initially involving

JA-dependent genes but with a much more sustained SA-associated defence gene

induction (von Rad et al. 2005). As already mentioned, a problem with using

activators like BTH to cause immediate expression of plant defence genes is that

there can be a cost to the plant which causes lower yield when disease is not present,

thus, priming of defences would be a better approach (van Hulten et al. 2006).
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Some strobilurin fungicides seem to have priming of crops as part of their mode of

action (Beckers and Contrath 2007).

3.2 Insect Pests

Thaler et al. (1996) showed that application of jasmonic acid (JA) or its volatile

derivative, methyl jasmonate, to the foliage of young tomato plants induced pro-

duction of defence proteins similar to the ones produced with chewing herbivore

feeding (Helicoverpa zea larvae). This was the first evidence that a jasmonate spray

could induce plant defence in the field. Further field plot trials showed that JA

induced tomato plants sprayed with an aqueous solution of JA with a backpack

sprayer received 60% less leaf damage from herbivory than control plants (Thaler

1999a). Parasitism of lepidopteran larvae was subsequently shown to be signifi-

cantly higher on treated plants (Thaler 1999b). In studies with JA treated rice Lou

et al. (2005) showed that parasitism of rice brown planthopper by Anagrus nila-
parvatae was increased in greenhouse and field experiments. In this study induction

was achieved by wounding stems with a needle (200 pricks) before applying JA.

This showed that the plant signalling can be induced in rice but a different delivery

method of JA would be needed for large scale agricultural application. Coronalon, a

synthetic 6-ethyl indnoyl iosleucine conjugate, has structural similarities to JA, and

was shown in laboratory experiments to elicit plant defence responses where it had

activity at lower concentrations than jasmonates (Schuler et al. 2004) although it

has not yet been tested under field conditions.

Another volatile plant activator involved with plant resistance to insects is cis-
jasmone, or (Z)-jasmone. Its activity was first discovered at Rothamsted when

components of blackcurrant volatiles that repelled the summer form of lettuce

aphid, Nasonovia ribis-nigri, were being identified and since then has been found

to have intricate effects on interactions between pest insects and crop plants (Birkett

et al. 2000; Pickett et al. 2007). It occurs naturally as a component of flower

volatiles, but can also be produced by damaged plant vegetative tissues (Loughrin

et al. 1995) and there is evidence that cis-jasmone has a role in plant defence. It is

possible that cis-jasmone acts as an external signal, alerting recipient plants when

their neighbours are being damaged by phytophagous insects and thereby enabling

them to prepare their own defences prior to insect attack. The practical use of cis-
jasmone has initially focussed on the interaction between the grain aphid Sitobion
avenae and wheat, Triticum aestivum. Wheat plants sprayed with low levels of cis-
jasmone as an aqueous emulsion are less attractive to aphids but more attractive to

their parasitoids in laboratory bioassays. In the field, similarly treated plants have

lower aphid infestations (Bruce et al. 2003). Field plots of wheat were sprayed

hydraulically with cis-jasmone, at a rate equivalent to 50 g ha�1 in 200 l ha�1, in

mid May and early June in four consecutive seasons, and aphid counts were made at

weekly intervals. It was consistently found that aphid infestations were reduced in

cis-jasmone treated plots (Bruce et al. 2003) (Fig. 3).
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Barley grown next to couch grass, Elymus repens, is less attractive to aphids

and glasshouse studies have shown that air passing by convection from E. repens
plants to the barley plants makes them less acceptable to aphids (Glinwood et al.

2003). Further studies showed that this effect could also be achieved by exposure

of barley to volatiles from thistle, Cirsium spp. (Glinwood et al. 2004; Chapter

‘Volatile Chemical Interaction Between Undamaged Plants: Effects at Higher

Trophic Levels’). However, couch grass and thistle are aggressive weeds and

would not be appropriate for agricultural use as an intercrop. Thus, it would be

better to identify the volatiles involved and use them directly as plant activator

chemicals. The effect of exposure of barley plants to volatiles from other barley

cultivars has also been investigated and it was found that volatiles from certain

cultivars such as ‘Frieda’ could make other cultivars such as ‘Hulda’ significantly

less attractive to aphids in subsequent choice tests (Ninkovic et al. 2002; Chapter

‘Volatile Chemical Interaction Between Undamaged Plants: Effects at Higher

Trophic Levels’). This is a practical proposition for agricultural use and has

already been shown to work in the field as a seed bed of mixed barley gave a

significant reduction in aphid acceptance compared with single cultivar plots

(Ninkovic et al. 2002).

Methyl saliyclate is a plant signal associated with the winter host in bird cherry

oat aphid, Rhopalosiphum padi. It has been successfully used to reduce cereal

aphid infestations in field trials (Pettersson et al. 1994; Ninkovic et al. 2003).

Methyl salicylate applied either as an aqueous emulsion or from slow-release
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Fig. 3 Field trial with cis-Jasmone plant activator in Winter wheat
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vials significantly reduced settling by R. padi spring migrants. Methyl salicylate has

also been used in the field in a different context as an attractant for beneficial insects

(James and Price 2004).

Plant activators previously used against pathogens have been tested for effects

on aphid pests. BTH was found to reduce population growth rate ofMyzus persicae
on tomatoes (Boughton et al. 2006). Similarly, application of DL-b-aminobutyric

acid (BABA) as a root drench to legumes inhibited the growth and reproduction of

the pea aphid Acyrthosiphon pisum (Hodge et al. 2005).

4 Plant Signals in ‘Push–Pull’ Strategies

The ‘push–pull’ system of IPM is different from the approaches described above in

that it uses locally available companion plants instead of synthetic chemicals to

deliver semiochemicals in the field (Cook et al. 2007). This approach was devel-

oped for smallholder agriculture and has been used with much success in maize and

sorghum in eastern Africa (Hassanali et al. 2008; Khan et al. 2008b) against two

main pest problems, stem or stalk borers and the African witchweed, Striga. Use of
constitutive emission of relevant semiochemicals from plant sources provides an

appropriate solution for smallholder African agriculture where synthetic chemicals

would be too costly and logistically difficult to deliver (Fig. 4).

The system used a combination of an intercrop which releases semiochemicals

that are repellent to pests (push) and a trap crop grown around the edges of the plot

which releases semiochemicals that are attractive to pests of the main crop (pull).

Main Crop

Trap Crop

Attract moths

Attract natural
enemies

Moths are
pushed away

Demodium intercrop

Fig. 4 Push–Pull system using companion plants to provide signals
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Semiochemicals released by the intercrop also attract natural enemies of pests

(Khan et al. 1997; Khan et al. 2008a). Intercrops constitutively release volatiles

such as (E)-ocimene and (E)-4,8-dimethyl-1,3,7-nonatriene that are typically

released from maize when attacked by chewing herbivores. These act to repel

pests but attract their natural enemies. The main semiochemicals released from

trap crops that make them attractive are green leaf volatiles which are produced in

much larger amounts than in maize or sorghum, at nightfall when stem borer moths

are active (Chamberlain et al. 2006). For stem borer control alone, the intercrop is

molasses grass, but for controlling the Striga weed, the intercrop is silverleaf or

greenleaf, two cattle forage legumes of Desmodium species, which also repel stem

borers. The mechanism of Striga control consists of release of root exudate allelo-

chemicals from Desmodium that induce suicidal germination of Striga seeds. The

trap crop is preferably Napier grass, but Sudan grass can also be used. Besides

controlling stem borers and the Striga weed, all of these companion crops are

valuable as cattle forage, improving thereby livestock holdings in addition to

producing a sustainable cereal harvest protected against pests and weeds.

5 Manipulating Plant Genetics to Deliver Semiochemicals

Another way of manipulating plant signals to enhance defence against pests and

diseases is through altering biosynthesis of plant semiochemicals in the crop itself.

This can be achieved through conventional plant breeding and marker assisted

selection. However, there is scope to deliver altered volatile production in plants

much faster by use of genetic engineering approaches (Degenhardt et al. 2003;

Aharoni et al. 2005; Dudareva and Negre 2005). This concept has been proved in

thale cress Arabidopsis thaliana (Brassicaceae) and the next stage will be to do this
in a crop plant. Schnee et al. (2006) overexpressed a terpene synthase gene, TPS10,

in Arabidopis and found that transformed plants were more attractive to the

parasitic wasp Cotesia marginiventris. Another study in Arabidopsis showed that

increasing green leaf volatile biosynthesis and emission led to increased attractive-

ness of plants to C. glomerata parasitic wasps and increased resistance to grey

mould fungal infection (Shiojiri et al. 2006). A terpene synthase gene for produc-

tion of the aphid alarm pheromone has been cloned into Arabidopsis and trans-

formed plants were less attractive to the aphidM. persicae but more attractive to the

aphid parasitoid Aphidius ervi (Beale et al. 2006) and preliminary studies at

Rothamsted have demonstrated that this compound is released by transformed

wheat. The rice (E)-b-caryophyllene synthase (OsTPS3) plays an important role

in inducible volatile sesquiterpene biosynthesis and the parasitoid A. nilaparvatae
was attracted to plants overexpressing this gene (Cheng et al. 2007). Ideally

engineered plants should have synthase gene constructs that allow inducible pro-

duction of semiochemicals as a continuously released signal might become habi-

tuated to by pests and would provide misleading information to natural enemies

(Degenhardt et al. 2003).
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6 Conclusions

Use of plant signals to alter plant metabolism has considerable potential for use in

sustainable agriculture. Although much still remains to be learnt about the optimal

way in which to deploy these chemicals in the field there is a growing number of

studies that support the feasibility of the approach. To take this crop protection

strategy into practise, there is a need for greater involvement from the agrochemical

industry in the development of new commercial products. These could be plant

activators themselves or seeds of plants with suitable genes for volatile production

or defence response. It may even be feasible to have a package of a particular crop

cultivar and activator tailored to trigger gene expression in it at appropriate times.

Increasingly stringent legislation against traditional pesticides with a toxic mode of

action is likely to encourage this as will increasing consumer demand for reductions

in pesticide residues. In terms of agricultural sustainability, however, the plant

activator approach is better seen as a supplement to pesticides rather than a

complete replacement. Food security depends on ensuring that as many options

as possible are kept open to reduce the losses to crop yields that are caused by pests

and diseases. Overreliance on any one method is not sustainable because of the

danger of breakdown of the control due to pest adaptation. Thus, plant activators

should ideally be implemented as part of an IPM package alongside biocontrol with

natural enemies of arthropod pest, resistant crop cultivars and use of pesticides

reserved for ‘fire fighting’ outbreaks.
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Plant Volatiles: Useful Signals to Monitor Crop

Health Status in Greenhouses

R.M.C. Jansen, J. Wildt, J.W. Hofstee, H.J. Bouwmeester,

and E.J. van Henten

Abstract This chapter focuses on the monitoring of crop health status via the

measurement of volatile organic compounds (VOCs) emitted from the plants. It

includes the most important factors that affect the emission of these VOCs from

crops grown in greenhouses. Since both stressors as well as nonstressors have an

effect on the emission, they are covered separately. The chapter provides an

overview of processes that affect the gas balance of plant VOCs in the greenhouse

including the loss processes. These processes are considered as important since they

contribute to the time-dynamic concentration profiles of plant-emitted VOCs. In

addition, we describe the most popular techniques currently in use to measure

volatiles emitted from plants, with emphasis on greenhouse application. Dynamic

sampling in combination with gas chromatography coupled to mass spectrometry is

considered as the most appropriate method for application at greenhouse scale. It is

recommended to evaluate the state of the art in the fields concerned with this

method and explore the development of a new instrument based on the specific

needs for application in greenhouse practice. However, to apply such an instrument

at greenhouse-scale remains a challenge, mainly due to the high costs associated

with it.
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1 Introduction

This chapter focuses on the use of plant volatiles for monitoring crop health status

in greenhouses. Before going into detail, we provide a brief overview of greenhouse

production systems in the world and crop health monitoring.

The definition of “greenhouse” is imprecise. In some cases, very simple plastic or

shade-cloth structures are called “greenhouses.” For example, there is a reported

40,000 ha. of “greenhouse” vegetable production in Almeria, Spain. Most of this

production is in very simple flat-roofed structures covered with plastic. Mexico is

currently producing vegetables and flowers in an estimated 2,200 ha. of more

advanced, passively ventilated, high-tunnel structures. These are unheated, plastic

covered metal structures, with insect netting side walls, and have computerized

irrigation and fertilization systems. The high end of the greenhouse structure spec-

trum is found in The Netherlands (Hickman 2009). Here, more than 10,000 ha. of

greenhouses are located, which are mainly used to produce vegetables, flowers, and

pot plants. These greenhouses are primarily high technology metal structures cov-

ered with glass, with computer controlled environments. In such greenhouses,

investments in automation will increase due to high labor costs and the poor working

conditions. Furthermore, as greenhouses rapidly increase in scale (Fig. 1), growers

are looking for tools to automate tasks. One task that will gradually be taken over by

automation is crop inspection to assess the health status of plants.

Regular human inspections are still the primary method by which greenhouse

managers assess the health status of their crops. These human inspections are

indispensable. However, technological developments may help to detect emerging

health problems at an early stage, which will make it easier to manage and control

them. A novel approach to support the inspection of greenhouse crops is based on
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the measurement of volatile organic compounds (VOCs) emitted by unhealthy

plants. This approach has attracted some serious interest over the last decade.

In pursuit of this interest, studies were undertaken at the laboratory-scale to

pinpoint marker VOCs that can be used to indicate health problems of tomato and

cucumber (Thelen et al. 2006; Laothawornkitkul et al. 2008). In addition to these

laboratory studies, pilot studies were performed to verify the validity of these

marker VOCs under real-world conditions (Karl et al. 2008; Markom et al. 2009).

The first section of the chapter is basically plant-oriented and covers knowledge

related to the emission of VOCs from greenhouse crops. The second section of this

chapter is mainly greenhouse-oriented and covers aspects related to factors that

affect the gas balance of plant VOCs in the greenhouse including their loss

processes. The third section of this chapter evaluates this concept from a technical

point of view and reviews the most popular techniques currently in use to measure

volatiles emitted from plants with emphasis on the application of these techniques

in greenhouse practice. The last section of this chapter deals with trends and future

possibilities and gives an outlook on the possibilities for crop health monitoring

based on plant-emitted VOCs.

2 Emission of VOCs from Greenhouse Crops

The first part of this section reviews factors which affect the emission of VOCs

from greenhouse crops. The second part addresses the specificity of stress-induced

emissions and explains how plant-emitted volatiles can be used to characterize the

stressors that contribute to plant health problems.

2.1 Factors Affecting the Emission of VOCs from Crops
Grown in Greenhouses

An extensive overview of factors affecting VOC emissions from crop and noncrop

plants has appeared in the literature (e.g., Kesselmeier and Staudt 1999). In this

chapter we explain those factors that affect the emission of plant volatiles from crop

plants grown in greenhouses. These factors are divided into two categories. The first

category includes factors that have been shown to correlate with plant health. Since

plant health is generally associated with responses to stresses, we termed these

factors as “stressors”. The second category includes factors that do not show this

correlation. These factors were termed as “nonstressors”.

The term “stressor” is extensively used in this chapter. However, this term is

subjective and used with various meanings in different situations (see Gaspar et al.

2002). Since the aim of greenhouse systems is to produce, we define stressors as

those factors that adversely affect crop productivity.
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2.1.1 Stressors Affecting the Emission of VOCs from Crops Grown

in Greenhouses

Crops grown in greenhouses might be challenged with numerous stressors. How-

ever, the number of stressors that generally occur in such systems is limited,

primarily due to monoculture and environmental control. The effects of these

generally occurring stressors in terms of plant volatile emissions are described

below. The factors are divided into two types, biotic and abiotic stressors.

Biotic stressors are those factors that are caused by biological sources. Two

biotic stressors that generally occur in greenhouses are herbivore infestation and

pathogen infection. The herbivore-induced emission of VOCs has been widely

studied over the past few decades. Most of these studies were performed at the

laboratory scale. In these studies, numerous plant species were subjected to insect-,

mite-, and snail-species to study the plant-response in terms of volatile emissions.

Usually, these herbivores were applied on aerial parts of the plants (e.g., Wei et al.

2007) but herbivores were also applied on the root zone of plants (e.g., Rasmann

and Turlings 2007). In general, these studies reported a significant increase in the

types and amounts of VOCs emitted after herbivore infestation.

In contrast to the large amount of studies that report about herbivore-induced

emission, only few studies reported about pathogen-induced emissions. These

limited amount of studies include the increased emission of VOCs from silver

birch (Betula pendula) upon a fungal infection (Vuorinen et al. 2007), from tomato

plants (Lycopersicon esculentum) upon a viral infection (Deng et al. 2004), and

from tobacco plants (Nicotiana tabacum) upon a bacterial infection (Heiden et al.

2003). In these studies, the aerial parts of the plants were infected. However, also

root infections may result in increased emissions of certain VOCs. Preliminary

experiments using cucumber plants (Cucumis sativus) inoculated with the root

pathogen Pythium aphanidermatum did indicate such systemic plant response

(Jansen et al. 2007).

Abiotic stressors are those factors which are caused by non-biological, environ-

mental forces. Water deficiency, nutrient deficiency, and air pollution are abiotic

stressors that may occur in practice, and have a negative effect on crop health (Peet

1999). Crops in greenhouses might be monitored for the presence of nutrient

deficiency based on volatile emissions since several studies have indicated an effect

of fertilization rate on volatile emission. For instance, Gouinguené and Turlings

(2002) reported that the emission of volatiles was minimal when corn plants (Zea
mays) were grown under low nutrition, even when results were corrected for plant

biomass. Crops in greenhouse systems might also be monitored for water deficiency

based on VOCs emitted from drought-stressed plants since several studies demon-

strated an increase in the amount and types of plant volatile emitted after drought

(e.g., Ebel et al. 2006). Emitted substances after drought were characterized by

alcohols and aldehydes, probably as a result of the gradual collapse of the cellular

structure of the plant leaves during the drying process. Finally, crops might be

monitored for air pollution damage by plant-emitted volatiles since several research-

ers (e.g., Wildt et al. 2003), have demonstrated that harmful ozone concentrations
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induced an increased emission of several VOCs from a number of plant species

including sunflower (Helianthus annuus) and Scots pine (Pinus sylvestris).

2.1.2 Nonstressors Affecting the Emission Rate of VOCs from

Greenhouse Crops

Temperature and light are well described factors that affect the VOC emission rate

from plants. These factors can be stressful for plants during periods of excessive

temperature and/or light. However, due to climate control, these excessive temper-

ature- and/or light-conditions are generally avoided in modern production systems

and thus regarded as “nonstress”. The effects of temperature and light in terms of

volatile emissions are described below.

Temperature increases the emission rates of most VOCs exponentially up to an

optimum by enhancing the biosynthetic enzymatic activities, by raising the VOC

vapor pressure and by decreasing the resistance of emission pathways (Niinemets

et al. 2004).

Among the studies that have examined the light dependency of plant volatile

emission, there have been mixed findings, with evidence that some emissions are

mainly temperature controlled (Loreto et al. 2000), while others are also signifi-

cantly affected by light (e.g., Schuh et al. 1997). However, most of the literature

suggests that dependencies on temperature are much stronger than those on light.

Interestingly, similar chemical classes of VOCs might respond quite differently to

light. When the concentration of the sesquiterpene a-copaene was examined at

greenhouse scale, a clear diurnal emission pattern was evident, with an increase

during the day and a decrease at night. However, the concentration of another

sesquiterpene (b-caryophyllene) remained constant (Jansen et al. unpublished

data). A similar observation was obtained during laboratory-scale studies in

which volatiles from tomato plants were analyzed (Maes and Debergh 2003). The

investigators suggested that a-copaene requires light for its biosynthesis and/or

emission. In summary, temperature and light might have a strong effect on the

emission of certain VOCs. Since temperature and light fluctuate in horticulture

practice, these two factors have to be taken in account when correlating the

concentration of such volatiles to any plant-health issue.

Besides fluctuations in temperature and light, other “nonstressors” generally

occur in greenhouses that affect the emission of VOCs. Such “nonstressors” include

elevated CO2 concentrations (Loreto et al. 2006), phenological events such as

budding, flowering, and fruit setting (Peñuelas and Llusià 2001), and activities of

greenhouse workers such as pruning and fruit picking (Jansen et al. 2009a).

2.2 Specificity of Stress-Induced Emissions

A monitoring system that detects plant health problems at an early stage would

enable a grower to take early action. The opportunity to identify the stressor would
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be of great value to such system as it would allow to decide on the proper control

measure such as the release of natural enemies of white fly (Bemisia tabaci) in case
the stressor was identified as “white fly infestation”.

To identify a stressor through the measurement of plant-emitted VOCs requires

the emission of highly specific chemical substances upon the onset of stress, or a

highly specific time course of the stress-induced change in VOC emissions.

The emission of highly specific substances seems unlikely since it is well

established that emission of many of the same substances is induced upon different

biotic and abiotic stressors. For example, most of the substances reported upon

pathogen infection of tomato plants were also reported upon herbivore infestation

of tomato plants (Deng et al. 2004; Kant et al. 2004). Same substances were also

induced when different plant species were challenged with a similar stressor. For

example, herbivore damage of the plant species cucumber, apple, lima bean, corn,

potato, tobacco, and cotton all induced an increase in the emission of (E)-b-
ocimene (Paré and Tumlinson 1999). Chemical substances which are frequently

reported after a stress-induced change in VOC emissions – independent of the

stressor and independent of the plant species – include (Z)-3-hexenol, methyl

salicylate, (E)-b-ocimene, linalool, (E)-b-farnesene, (E)-4,8-dimethylnona-1,3,7,

triene, and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene. This list is certainly

not complete. But, to the best of our knowledge, no chemical substance has ever

been exclusively ascribed to one particular stressor. Therefore it is improbable that

stressors can be identified based on plant-emitted VOCs only.

Several researchers addressed the time course of stress-induced volatile emis-

sions from plants (e.g., Kunert et al. 2002). These studies demonstrated that the

emission of certain substance can increase directly after the onset of stress followed

by rapid returns to low emission rates while increased emissions of other substances

were delayed for some hours up to several days after the onset of stress. The time

period between the first response and the delayed response in terms of increased

volatile emissions might indicate the stressor exposed to the plant. For instance, this

time period was dissimilar for tobacco plants in response to different strains of

Pseudomonas syringae (Huang et al. 2003). However, to the best of our knowledge,
no time course has ever been exclusively ascribed to one particular stressor.

Therefore it is improbable that stressors can be identified based on the time course

of stress-induced volatile emissions only. But, how stress-induced changes in VOC

emissions might be used to characterize the stressor is explained below.

The first way to characterize the stressor is based upon the chemical substances

present in the mixture of the plant-emitted VOCs upon the onset of the stress. These

substances are to a large extent related to the plant-structure that emits these VOCs.

Previous studies suggest an arbitrary classification of confined substructures and the

entire plant as emitting structure.

There are several examples in which the emission from confined plant sub-

structures changes upon stress. A first example is the release of VOCs from local

plant tissue after damage of involved cell-membranes due to, e.g., herbivore

infestation (Wei et al. 2007) or pathogen infection (Wildt et al. 2003). Damage of

these cell-membranes will result in the local emission of several C6-alcohols and
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C6-aldehydes at the site of damage. The emissions of these C6-compounds originate

from the oxidative cleavage of C18-fatty acids in the presence of oxygen and

enzymes such as lipoxygenases (Hatanaka 1993; Fall et al. 1999; Matsui 2006).

These C6-compounds thus characterize stressors in which damage of cell-

membranes (that contain fatty acids) plays an important role. Also nonstressors

may damage cell-membranes. For instance, shoot removal was responsible for the

detection of C6-compounds at greenhouse-scale.

A second example of plant sub-structures that emit VOCs during stress is the

local emission of VOCs from damaged trichomes due to, e.g., herbivore infestation

(Loughrin et al. 1994), or pathogen infection (Jansen et al. 2009b). These trichomes

are outgrowths of the plant epidermis and collectively constitute the pubescence of

the plant surface. A local damage of these plant sub-structures will result in the

local emission of terpenes that are stored in them. These terpenes thus characterize

stressors in which damage of trichomes plays an important role.

Also “nonstressors” may damage trichomes. For instance, fruit picking resulted

in the damage of trichomes and a subsequent increase in the concentration of mono-

and sesquiterpenes at greenhouse-scale (Jansen et al. 2009a).

Plants are attacked at different parts in different ways by the multitude of

stressors. As a result, it can be expected that some types of plant sub-structures

are involved, while others are not, depending on the stressor. As a consequence, the

chemical substances associated with the particular type of sub-structure might thus

be used to characterize the stressor that harms the plant.

The emission of methyl salicylate can be cited as an example in which the entire

shoot can be regarded as emitting structure. The emission of this volatile phytohor-

mone is generally believed to increase, but only after a certain period following the

local inoculation of, or local application of herbivores (Röse et al. 1996; Shulaev

et al. 1997; Kant et al. 2004).

Instantaneous damage to plants, e.g., the punching of holes within a short time

period, did not result in increased emission of methyl salicylate from tomato plants

(Deng et al. 2005b). Probably, a stressor needs be continuously sustained in order to

increase the emission of methyl salicylate and/or other stress-associated VOCs. It is

also believed that chemical signals derived from the stressor, e.g., derived from

herbivore secretions, are required to increase the emission of methyl salicylate and/

or other stress-associated VOCs (Arimura et al. 2005). Thus methyl salicylate might

be used to characterize stressors in which continuously sustained damage is, and/or

chemical signals are involved (see Chapter “Volatile Interaction Between Undam-

aged Plants: A Short Cut to Coexistence”). In summary, the emission from confined

plant sub-structures changes upon stress. An example of the mechanisms underly-

ing a fungal infection induced change in emission is given in Fig. 2.

Besides the chemical substances present in the mixture of the plant-emitted

VOCs, the time course of the stress-induced change in VOCs emissions may also

characterize the stressor.

For example, severe B. cinerea infections resulted in a large increase in emis-

sions a few hours after inoculation while mild infections resulted in a small increase

in emissions several hours after inoculation (Jansen et al. 2009a). The importance of
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the duration and the intensity of damage as the main factor with respect to stress-

induced changes in emissions was also elegantly demonstrated using MacWorm, a

robotic device designed to reproduce tissue damage caused by herbivore attack

(Mithöfer et al. 2005). Besides local emissions, systemic emissions also depend on

the duration and intensity of damage. For instance, the emission of systemically

emitted volatiles from Brussels sprouts depends on the duration of caterpillar

feeding (Mattiacci et al. 2001).

As mentioned before, the opportunity to identify the stressor would be of great

value to a plant health monitoring system. This section explains how plant-emitted

volatiles can be used to characterize the stressors that contribute to plant health

problems. This might be sufficient since the diversity of stressors that occur

per greenhouse is often limited, primarily due to monoculture and environmental

control.

3 Factors that Affect the Gas Balance of Plant VOCs

in the Greenhouse

This section covers the aspect related to factors that affect the gas balance of plant

VOCs in the greenhouse. The crop inside of the greenhouse is probably the most

important source of plant volatiles in a greenhouse. However, the gas balance of

Healthy leaf

a

Stomata

Fungal infection

Secretory cell

Glandular trichome

3) Trichome damage induced volatiles
4) Cell membrane damage induced volatiles

1) Trichome induced volatiles
2) System induced volatiles

1

12 3 4b

Infected leaf

Fig. 2 Mechanisms underlying a fungal infection induced change in emission of volatiles

from plants
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plant VOCs in the greenhouse might also be affected by the unpredictable transfer

of typical plant VOCs from outside to inside of the greenhouse. Greenhouse

ventilation is likely to be the most important source in that respect.

Loss processes are regarded as important aspects of the gas balance since they

contribute to the time-dynamic concentration profiles of plant-emitted volatiles. On

the one hand, a slow loss will cause the accumulation of VOCs in a greenhouse and

thus promote the detection. On the other hand, a fast loss of VOCs enables the

detection of short time dynamics, which might be required since VOC emissions

during stress sometimes appear as a burst followed by rapid returns to low emission

rates (e.g., Beauchamp et al. 2005; Deng et al. 2005a).

The first loss process for plant-emitted VOCs is the removal of these VOCs by

greenhouse ventilation. Ventilation involves removing air from inside the green-

house and replacing it with external air. This ventilation may be natural – caused by

wind and temperature forces – or mechanical, accomplished by using fans.

The second loss process considers the degradation due to gas-phase reactions. In

lower atmosphere, the major degradation processes for plant VOCs are reactions

with hydroxyl radicals (OH), nitrate radicals (NO3) and ozone (O3) leading to a

number of breakdown products (Atkinson and Arey 2003). Such oxidative break-

down of compounds not only affects the concentration of VOCs in the air surround-

ing unstressed plants but also the concentration of VOCs in the air surrounding

stressed plants. For example, it was recently demonstrated that exposure of plants to

moderately enhanced O3 levels resulted in the partial degradation of VOCs emitted

upon herbivore infestation (Pinto et al. 2007).

The third process leading to removal of VOCs from greenhouse air is the

sorption on air-contact surfaces such as the floor of the greenhouse. Many researchers

have shown that material surfaces interact with VOCs (e.g., Jorgenson 1999). Most

of this work involved relatively simple test chamber experiments where material

surfaces were exposed to VOCs and the concentration in the test chamber was

monitored (Huang et al. 2006). The material surfaces in a greenhouse are a complex

mixture of materials such as glass, steel, plastics, and concrete. Therefore it is

difficult to estimate the effect of sorption on air-contact surfaces beforehand.

The fourth process to be taken into account is the solution of VOCs in water

bodies occurring on cold greenhouse surfaces due to condensation. This water

originates from plant transpiration and the amount mainly depends on greenhouse

climate and plant size. The Henry’s Law constant is a key parameter to estimate the

maximum amount of VOCs that can be dissolved into water. This Henry’s Law

constant for chemical air–water partitioning is defined as the ratio of a chemical

partial pressure in air to its mole fraction in water at equilibrium. However, care

should be taken since Henry’s Law assumes no further chemical breakdown of

chemical compounds when dissolved in water.

The fifth process for losses of VOCs is absorption on the plant cuticle. Welke

et al. (1998) proved that the plant cuticle can adsorb many VOCs and the amount

absorbed is correlated with the concentration in air. This adsorption process might

be relevant if the absorbed compounds are metabolized and the uptake potential

remains.
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The sixth possible loss process for VOCs is the uptake of these compounds due

to absorption through the stomata. Uptake of VOCs through stomata requires a

lower concentration of the compounds in the stomatal cavity than in the greenhouse

air. This concentration difference is important since gasses move along the concen-

tration gradient between the inside and the outside of the leaf. The stomatal cavity is

covered by water. Therefore, compounds should be solved in this water and

thereafter metabolized in plant tissues to maintain the continuous uptake potential.

So, uptake through the stomata of a certain VOC depends on the water solubility of

this compound and its metabolism. This loss process might thus be particularly

relevant for polar VOCs such as alcohols.

4 Techniques to Measure the Emission of VOCs from Plants

at Greenhouse Scale

Several excellent papers are available that review the techniques currently in use to

measure the emission of VOCs from plants (Chapter “Exploiting Plant Signals in

Sustainable Agriculture”; Tholl et al. 2006; Ortega and Helmig 2008). However,

none of these papers describe how these techniques can be applied to monitor crop

health at greenhouse scale. This section is intended to fill this knowledge gap.

In general, the measurement of plant emission consists of three steps: (1)

collection of the plant-emitted VOCs, (2) separation of the plant-emitted VOCs

in the mixture, and (3) identification, and/or quantification of the separate VOCs.

These three steps are explained below.

4.1 Collection of the Plant-Emitted VOCs

In the first step, a fraction of the compounds emitted from the plants is collected.

This sampling step is in general combined with the pre-concentration of the VOCs

in the air to achieve the detection limits of commonly applied analytical instru-

ments. Several reviews deal with the preconcentration of VOCs in air (e.g., Harper

2000; Dettmer and Engewald 2002). Therefore, we briefly mention the basic

concepts and focus on appropriate methods for preconcentrating plant-emitted

VOCs with emphasis on the application of these methods in greenhouse practice.

Two methods are generally applied to preconcentrate the VOCs present in air.

The first method is based on the dynamic preconcentration of VOCs. This method is

referred to as dynamic because the air is actively pumped through a cartridge

packed with a material that traps the compounds of interest. The second method

is based on the static pre-concentration of VOCs. In this case, a material is exposed

to the air, in which the trapping of VOCs mainly depends on mass diffusion

processes. In both cases, the selection of the material is crucial in order to trap
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the VOCs of interest. There are a huge number of different materials available for

the pre-concentration of plant-emitted VOCs in air (supplementary material in

Tholl et al. 2006). For most materials, e.g., the porous polymer Tenax [poly-(2,6-

diphenyl-p-phenylene oxide] and carbon-based adsorbents, the preconcentration

depends on adsorption. For a few other materials, e.g., polydimethylsiloxane, the

preconcentration depends on absorption. The appropriate material – or combination

of materials – should meet the following criteria: (1) homogeneous and inert surface

to avoid artifact formation, irreversible adsorption, and catalytic effects during

sampling and desorption; (2) complete and fast adsorption or absorption of the

volatile organic compounds of interest; and (3) low affinity with water.

This inventory is not meant to be a complete list of criteria but rather to

demonstrate the range of different aspects to consider. It is therefore obvious that

care should be taken in the selection of materials since the pre-concentration step

offers the opportunity to reduce the required sensitivity of the detector. It is

recommended to investigate available materials in order to improve the efficiency

of this step. Derivatization techniques might be employed to improve the properties

of these materials in order to increase the efficiency of air sampling (see Deng et al.

2005a).

4.2 Separation of the Plant-Emitted VOCs in the Mixture

Before identification and/or quantification of the plant-emitted volatiles, the mix-

ture of compounds is often separated. Gas chromatography (GC) is then the method

of choice in most applications. This method is a type of chromatography in which

the mobile phase is a carrier gas, usually an inert gas such as helium, and the

stationary phase is a layer of a polymer on an inert solid support, inside a glass or

metal column. The properties of this column should be selected with care since they

have a large effect on the ability to separate plant-emitted volatiles.

4.3 Identification and Quantification of the Plant-Emitted VOCs

After separation, a detector is used for the identification and/or quantification of the

individual VOCs present in the sample. A key-specification of any detector is their

limit of detection (LOD). This LOD is generally defined as the lowest quantity of a

substance that can be distinguished from the absence of that substance within a

stated confidence limit, i.e., where it can be assured that a certain substance is

present. The limit of quantification (LOQ) should be considered if besides detection

also quantification of the concentration is required for the task of crop health

monitoring. This LOQ is the minimum concentration that can be quantitatively

determined with satisfying certainty. The LOQ is normally defined as ten times the

standard deviation for blank samples, and is thus approximately three times higher
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than the LOD. In this chapter, we use two units of measure to approximate the

LODs per instrument: absolute amounts in nanograms (ng) or picograms (pg), and

the concentrations in air defined as nanograms per liter of air (ng L�1) or picograms

per liter of air (pg L�1).

There are various types of detectors available in the market to identify and

quantify plant-emitted VOCs. The most popular detectors in use are the flame

ionization detector and the mass spectrometer (MS). Electronic noses are also

widely used to detect plant-emitted VOCs in air (Kunert et al. 2002). More recently,

biosensors have emerged as a promising tool to identify and quantify low levels of

VOCs in ambient air. These four types of instruments are briefly described below.

4.3.1 Flame Ionization Detector

This technique involves the detection of ions. The response of the detector is

determined by the number of carbon atoms hitting the detector per unit time. This

makes the detector sensitive to the mass rather than the concentration, which is

useful because the response of the detector is not greatly affected by changes in the

carrier gas flow rate. Flame ionization detectors (FID) have been commonly used to

measure VOCs emitted from plants (e.g., Greenberg et al. 1994). It offers a stable

response, a wide dynamic concentration range, and a high sensitivity with limits of

detection (LOD) in the order of picograms to nanograms (Tholl et al. 2006).

4.3.2 Mass Spectrometer

The MS and its applications are extensively covered in a variety of journals and

books (e.g., McMaster 2008). Therefore we only briefly mention its operating

principle and focus on aspects related to the application of this instrument for the

identification and/or quantification of plant-emitted VOCs at greenhouse scale.

MSs measure the mass of charged molecules. Often the MS is combined with a

chromatographic column (GC). This combination has become the method of choice

for quantification and identification of plant-emitted VOCs at laboratory scale. It

offers a high selectivity and resolution, good accuracy and precision, a high

sensitivity, and a wide dynamic concentration range. Most current GC-MS instru-

ments can achieve LODs in the low femtogram range. However, GC-MS LODs for

realistic analytes are often in the picogram to nanogram range.

Conventional GC-MS systems are delicate instruments usually restricted to

laboratory use. As a consequence, air samples collected in the greenhouse should

be transferred to the laboratory for further analysis. The disadvantage of this

transfer is the time delay between sampling and analysis. This time delay is

undesirable in case the detection of plant health problems require an immediate

act, e.g., in case of the detection of a highly transmittable disease. Air samples

should therefore preferably be analyzed on-site. More robust GC-MS systems have

therefore appeared on the market and have been applied, for example, to detect air
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contaminants in field settings (e.g., Smith et al. 2005) and to monitor a biogas tower

reactor for the presence of potentially toxic VOCs (Matz et al. 1998).

4.3.3 Electronic Nose

The term electronic nose (e-nose) first appeared in the literature around the late

1980s. Before this time, these sensors were referred to as gas sensors. Many aspects

of electronic noses have been already reviewed in detail (e.g., Arshak et al. 2004)

and thus we mention only those aspects relevant to the detection of plant-emitted

VOCs in greenhouse air.

E-nose instruments are good at addressing the chemical integrity of a sample,

which means to determine whether the sample is the same as or different than a

certain standard. In general, they are not useful for the identification and quantifi-

cation of individual components (Gardner and Bartlett 1999). However, the identi-

fication of the volatiles being emitted may not be needed if the comparison and

recognition of patterns in the volatile profile are sufficient for crop health monitor-

ing through the analysis of plant-emitted volatiles. Such a profile can be obtained

through the use of sensor arrays. This converges with research on volatile based

inspection of potato tubers based on e-nose systems which rely on the recognition of

fingerprints of volatiles released from them. For instance, a prototype device

incorporating three metal oxide sensors was able to discriminate between sound

tubers and the same tubers with one Erwinia carotovora-infected tuber added (de

Lacy Costello et al. 2000). De Lacy Costello et al. (2003) recognized the problems

associated with air humidity and low air temperatures. However, these authors

claimed that the system was able to differentiate between sound and infected tubers

when operating at 4�C and 85% relative humidity while the sampling time neces-

sary to allow discrimination was reduced to 10 s.

A combination of the marker-compound-approach with the e-nose technique can

result in e-nose systems that have the ability to quantify VOC concentration in air as

demonstrated for the differentiation of fresh and rancid butter based on volatiles

(Hofmann et al. 1997). This development seems to be quite promising. The

remaining drawback of e-noses based on sensor arrays is that the threshold of

determination of most of these systems is in the low ppm-range. However, this

drawback can be overcome by utilization of pre-concentration techniques. Such a

combination of a gas-chromatographic system equipped with a pre-concentration

unit and e-nose was successfully applied to detect plant emitted volatiles in a small

cuvette (Kunert et al. 2002). They reported LODs for relevant VOCs in the low

nanogram levels.

4.3.4 Biosensor Technology

A biosensor is a particular type of chemical sensor that uses the recognition

properties of biological components in the sensitive layer. Since its inception,

biosensors have been expected to play a significant analytical role in medicine,

Plant Volatiles: Useful Signals to Monitor Crop Health Status in Greenhouses 241



agriculture, food safety, homeland security, and environmental and industrial

monitoring (Luong et al. 2008). However, despite the large amount of biosensors

developed in research laboratories, the commercialization of biosensor technology

is still in its infancy.

Nevertheless, steady improvements of well known basic principles have resulted

in improved sensitivity, reliability, and stability of traditional enzymatic biosensors.

Also, new affinity sensors such as transmembrane sensors and sensors utilizing

whole cells or cell networks have significantly improved. For example, The Centre

for Environmental Biotechnology at the University of Tennessee developed a

proof-of-concept for a whole cell bioluminescent bioreporter for the detection of

VOCs (Vijayaraghavan et al. 2006). These bioluminescent bioreporters generate

visible light in response to specific chemical or physical agents in their environ-

ment. Measurements were obtained at vapor phase concentrations of <1 mg L�1.

Despite the lag in response and lack of correlation between concentration and

bioluminescence it was hypothesized that the bioreporter can produce qualitative

as well as quantitative results.

Today even whole animals or certain organs of animals are used in biosensors.

For example, Sch€utz (2001) developed a biosensor to detect volatiles emitted from

artificially and herbivore damaged potato plants (Solanum tuberosum). This bio-

sensor, based on the intact antennae of the Colorado potato beetle (Leptinotarsa
decemlineata), was also able to detect volatiles emitted from potato plants infected

with Phytophthora infestans, the causal agent of the late blight disease (Sch€utz
2001). Sensitivity and dynamic range can compete with the performance of GC-MS

instruments (LOD <1 ng L�1) while the response, dead and adaptation time, are

shorter by a factor 10.

5 Trends and Future Possibilities

So far, most of the research related to plant health monitoring through plant-emitted

VOCs is undertaken at the laboratory scale to pinpoint marker VOCs that can be

used to indicate certain health problems (e.g., Laothawornkitkul et al. 2008).

Recently, experimental evidence demonstrated that the detection of plant damage

based on plant-emitted VOCs is also feasible at greenhouse scale (Jansen et al.

2009a). A characteristic of their experimental system was the rather small-scale

with 60 plants grown at a floor area of 42 m2. However, commercial greenhouses

are much larger in size. For example, at present, the majority of commercial

greenhouses in Western European countries, such as The Netherlands, range

between 103 and 104 m2 (Henten 2006).

Proper experiments can be done to determine whether plant-emitted volatiles

can be detected in these full-scale greenhouses. However, this will be a time

consuming and costly operation since the effects of various greenhouse characteri-

stics must be evaluated. A potential cost reduction can be attained through the use

of model-based predictions. For that reason, mass-transfer models are increasingly

242 R.M.C. Jansen et al.



being used to bridge the gap between experimental measurements and real world

applications. Such model approach is considered to be cost saving in translating the

results obtained in a small-scale greenhouse into the potential application of plant

health monitoring in full-scale greenhouses.

This chapter indicates the potential of monitoring crop health status at green-

house scale on the basis of volatiles emitted from the plants. It reflects on how

technological developments in the field of analytical chemistry can be used in an

agricultural setting. Most of these developments are driven by research in which the

detection of trace level amounts of volatile contaminants in food, air, or water is the

subject. Approaches to detect these contaminants are based on highly sensitive

instruments including FID, MS, electronic noses and biosensors. It is recommended

to evaluate the status of these instruments and to explore the development of new

instruments that meet the specific needs for application in greenhouse practice.

At this moment, we consider gas chromatography coupled to mass spectrometry

as the best method for monitoring the health status of crops on the basis of plant-

emitted VOCs at high-input greenhouse facilities. This preference is based on its

favorable combination of high selectivity and resolution, good accuracy and preci-

sion, wide dynamic concentration range, high sensitivity, and the current commer-

cialization of robust GC-MS systems.

A disadvantage associated with GC-MS application is the large and complex data

generated by this instrument. As a consequence, experienced and skilled analysts

are often required to process these data in order to extract the concentrations of the

chemical compounds of interest. However, developments in computer science

technology and software will increase the opportunity to automatically process

GC-MS data at an affordable price which will promote the efficient application of

this instrument outside the laboratory. Another disadvantage related to the applica-

tion of GC-MS is the relatively high cost of purchase. However, improvements in

the field of mass spectrometry will likely results in affordable systems.

In conclusion, plants emit different types and amounts of volatiles during their

decline in health status. Probably, it will be difficult if not impossible to identify the

stressors based on VOC emissions only. However, plant-emitted volatiles can be

used to characterize the stressors that contribute to plant health problems. There are

instruments available (GC-MS) meeting the required technical specifications to

detect these VOCs at greenhouse scale. Only due to the high costs, we are years

away from having this kind of instruments in horticultural practice. But, the

ongoing expansion and intensification of greenhouse production and the concern

among consumers about the potential intake of pesticide residues on fruits and

vegetables will support the prospected application of plant health monitoring in a

commercial setting.
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