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The sophisticated chemical responses of plants to environmental stimuli have profound impli-
cations for the development of remote sensing systems. Recent advances in the investigation of
these responses have demonstrated that plants can be developed as reliable reporters of
numerous environmental stimuli including soil and water conditions, light levels, temperature,
mechanical damage, insect feeding, exposure to pathogens—including those that affect animals
and humans—and exposure to airborne chemicals. Researchers are just beginning to under-
stand the full range of plant phenotypic responses to these and other stimuli. These responses
often have measurable physiological and molecular components that are readily observed.
Other responses (e.g., internal biochemical changes) are less readily assayed, although sensing
devices are being developed. Plant volatile emission “signatures” are particularly promising
modes of plant reporting that can provide highly specific information regarding a diverse range
of environmental variables on short time scales, but new approaches are needed for sensing
these responses remotely. Modern molecular techniques promise to allow us to refine plant
sensing and reporting, greatly enhancing the potential utility of plants as “sentinels.” Continued
basic research aimed at characterizing the physiological, biochemical, and molecular responses
of plants to environmental stimuli (including airborne chemicals, insects and pathogenic
microbes) are essential to achieving that promise. 

Because adult plants cannot move in order to escape adverse environments,
they have evolved the ability to rapidly detect and respond physiologically to
local environmental conditions. This ability makes plants sensitive indicators of
environmental events that can potentially provide “reports” of exposure to a
wide range of environmental cues. The discovery that plant volatiles can distinguish
closely related herbivore species (De Moraes et al., 1998) demonstrated the
ability of plants to produce highly specific responses tuned to precise features of
the environment. Subsequent studies have described highly specific plant volatile
responses to a range of stimuli including air- and soil-borne chemicals, nutrients,
pathogens, and other variables (Arimura et al., 2000; Gordon, 2001; Huang et al.,
2003). To date, plant volatile emissions represent the only known natural
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phenotypic signature reports identifying contact with specific environmental
stimuli. The potential specificity of induced responses is illustrated by the distinct
volatile blends released by plants exposed to pathogen genotypes differing by a
single gene (Huang et al., 2003). 

The following sections review the recent literature relating to a number of
features of induced plant responses that are relevant to the prospects of
exploiting such responses for the remote sensing of environmental variables.
This review begins with a discussion of the recent literature documenting various
phenotypic changes of plants in response to diverse environmental stimuli and
moves on to address the physiological and biochemical processes that underlie
these responses—primarily with respect to the release of plant volatiles in
response to herbivore feeding which is by far the best studied aspect of
induced plant signaling. It concludes with a discussion of issues relating to the
relevance of induced plant signaling for sensing environmental data that is rele-
vant to humans. The goal is to describe the current state of knowledge relating
to the insect-derived cues that initiate plant responses and the complex and
interactive biochemical pathways through which those responses are mediated.
Further elucidation of the biochemistry of these processes and, ultimately,
identification of the genes involved is key to efforts to exploit these sophisticated
systems in order to develop new sensing technologies. 

INDUCED PLANT RESPONSES TO ENVIRONMENTAL CUES 

The range of environmental cues that plants can sense is tremendous, and
new cues and responses are continually being identified. Dynamic physiological,
biochemical, and molecular changes in plants can be elicited by organic and
inorganic chemicals in air, soil, and water (Tuomainen et al., 1996; Miller et al.,
1999; Shulaev et al., 1997; Grichko et al., 2000; Reymond et al., 2000),
touch, motion, and vibration (Arteca & Arteca, 1999; Cipollini, 1997; Moran
& Cipollini, 1999; J. C. Schultz, unpublished), plant and human pathogens
(Holt et al., 2000; Rahme et al., 2000), insects (Paré & Tumlinson, 1997;
Karban & Baldwin, 1997; De Moraes et al., 1998, 2001), and light quantity
and quality (Martinez-Garcia et al., 2000), among other stimuli. Virtually every
secondary and most primary metabolic pathways in plants can be shown to be
responsive to environmental stimuli. 

Airborne Chemicals 
Plants are sensitive to the chemistry of the air in which they live, and the list

of airborne volatile compounds to which plants respond is constantly expanding.
Response to methyl jasmonate vapor has been reported for tobacco, cucumber,
and Arabidopsis thaliana leaves (Croft et al., 1995), detached olive leaves
and leaf discs (Sanz et al., 1993), soybean seedlings (Franceschi & Grimes,
1991), Catharanthus and Cinchona seedlings (Alerts et al., 1994), tomato leaves
(Farmer & Ryan, 1990), celery leaves (Miksch & Boland, 1996), barley seedlings
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(Andresen et al., 1992), apple peel (Perez et al., 1993), and oilseed rape leaves
(Doughty et al., 1995). Methyl salicylate has been implicated as an airborne signal
that activates defense-related genes in tobacco plants (Shulaev et al., 1997).
Methyl salicylate vapors also stimulated the germination of curly dock and Johnson
grass seed (Leather & French, 1990). Response of plants to ethylene, a volatile
phytohormone, is apparently ubiquitous and includes fruit ripening, leaf expansion,
promotion of seed germination, promotion or inhibition of flowering, abscission
of various organs, and senescence (Chang & Shockey, 1999). 

In addition to these widely recognized volatile plant-signaling molecules,
other volatile compounds have been found to stimulate plants when present as
vapors. Styrene, safrole, 2-cyanopyridine, and 5-methly-2-hexanone stimulated
dark germination of curly dock and benzyl acetate stimulated johnsongrass
seed germination, while vinyl pyridines inhibited germination (Leather &
French, 1990). Aerial treatment of arabidopsis seedlings with 10 micromolar
concentrations of E-2-hexenal induces several genes known to be involved in
the plant’s defense response, including phenylpropanoid-related genes as well
as genes of the lipoxygenase (LOX) pathway (Bate & Rothstein, 1998). Finally,
tobacco plants respond to ozone by releasing volatile organic compounds
including methyl salicylate and sesquiterpenes (Heiden et al., 1999), and
spruce needles exposed to ozone produce volatiles that repel larvae of the
spruce budworm (Cannon, 1990). Many plants alter their senescence schedules
in response to ozone, producing biochemical and visibly detectible changes in
leaves (Miller et al., 1999). A recent report by Arimura et al. (2000) extends
the list of volatiles to which plants respond even further. 

It is very likely that many more chemical compounds that induce
responses by plants will be identified. To date, relatively little work has been
done in this area and there is no evidence in the literature of any investigations
focused on determining the ability of plants to detect and respond to a
broader array of airborne chemicals. 

Soil Chemistry 
Plants exhibit diverse responses to subtle changes in soil chemistry. Plant

responses to various metals are one of the oldest foci of ecophysiology (Maywald
& Weigel, 1997), and their ability to accumulate toxicants is now being
exploited in phytoremediation (Salt et al., 1998; Gordon, 2001). Gong et al.
(1999) demonstrated that plant growth is measurably altered by explosive resi-
dues in soil. These interactions can be altered (e.g., chemical uptake can be
enhanced) through the creation of transgenic plants (Grichko et al., 2000;
Mejare & Bulow, 1999). There has as yet been little or no study of plant volatiles
emitted in response to varying soil conditions or ambient chemical environment,
but it seems highly likely that stimulus-specific profiles will be discovered. 

Pathogens 
The literature includes numerous reports of molecular and biochemical plant

responses to pathogenic microbes. These interactions are often highly specific, and
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can be based on single-gene differences in the pathogen (Huang et al., 2003).
While there is a large practical literature on the symptomology of plant diseases,
pathogen-induced plant responses have rarely been considered in the context of
use as reporters of the presence of specific pathogens. There are a few reports of
infected plants releasing volatiles (Shulaev et al., 1997), but no in-depth studies.
The degree to which biochemical and molecular events following pathogen attack
are pathogen specific is currently an extremely active research focus, with evi-
dence for both specificity and “cross-talk” among response elements (Fidantsef et al.,
1999). Peanut and tobacco plants release volatile blends characteristic of pathogen
genotypes and significantly different from those released by healthy plants or
plants damaged by insects (Cardoza et al., 2002; Huang et al., 2003). 

The composition of volatiles released by plants can be a useful indicator of
a plant’s recent exposure to pathogens. Thus, the presence of specific infec-
tious agents can be deduced by analyzing the volatiles produced. Recent work
on similarities in infection processes between plant and animal pathogens
(Rossier et al., 1999), and on pathogens attacking both plants and animals
(Rahme et al., 2000, and references therein), suggest that plants should be
able to detect and respond to human pathogens as well. 

Insect Herbivory 
The best-studied examples of plant phenotypic response to environmental

stimuli involve the defense responses of plants to insect feeding. Though many
features of these complex interactions remain poorly understood, their ecological
and economic importance is now well established (Karban & Baldwin, 1997). As
a result of this recognition, a good deal of attention has recently been paid to eco-
logical interactions involving induced plant defenses and, in particular, to signal-
ing networks that coordinate plant response. Highlights of the recent progress
include the discovery that plant volatiles, induced specifically in response to
insect feeding, can serve as host location cues for foraging parasitoids (Elzen et al.,
1983; Nordlund et al., 1988; Dicke & Sabelis, 1988; Turlings et al., 1990, 1991);
identification of induced resistance as a factor mediating herbivore population
dynamics (Karban & Carey, 1984); the discovery that both direct (Felton et al.,
1994) and indirect (De Moraes et al., 1998) induced responses can be specific to
individual herbivore species; the demonstration that herbivore oral secretions
(OS) may suppress wound-induced plant-defense responses (McCloud & Baldwin,
1997; Kahl et al., 2000); the discovery that herbivory induces defense responses
not only in attacked plants but also in their offspring (Agrawal, 2001); the discovery
that induced volatiles repel oviposition by moths (De Moraes et al., 2001; Kessler
& Baldwin, 2001); and improved understanding of the fitness costs and benefits
of induced defenses (Karban, 1993; Baldwin, 1998; Agrawal, 1999). 

MOLECULAR AND PHYSIOLOGICAL ASPECTS OF PLANT RESPONSE 

The physiological processes that underlie plant responses are not yet well
understood. Most of the research in this area has dealt with induced plant



INDUCED PLANT SIGNALING AND ENVIRONMENTAL SENSING 823

responses to feeding by insect herbivores. Some recent advances in our under-
standing of these processes include documentation of the induced accumulation
of digestibility reducing proteinase inhibitors in tomato (Green & Ryan, 1972;
Johnson et al., 1989); elucidation of the octadecanoid pathway and the of role
of jasmonic acid signaling in the induction of plant defenses (Vick & Zimmerman,
1984; Farmer & Ryan, 1990, 1992; Constabel et al., 1995; McConn et al.,
1997; Baldwin, 1998; Ryan & Pearce, 2001); characterization of elicitors of
induced responses from the OS (Alborn et al., 1997, 2003; Halitschke et al.,
2000) and saliva (Felton & Eichenseer, 1999) of herbivores; and improved
understanding of integration or “cross-talk” between plant defense signaling
pathways that interact to regulate the expression of plant defense against her-
bivores and pathogens (Reymond & Farmer, 1998; Felton & Korth, 2000).
Despite such progress, we are only now beginning to unravel the complex
physiology and biochemistry of induced plant responses to herbivory and
other environmental stimuli. 

Physiology of Induced Plant Defenses 
Plants attacked by herbivorous caterpillars experience tissue damage and

loss of leaf area. Mechanical damage alone initiates a cascade of plant responses,
many of which are regulated by jasmonic acid (JA) (Creelman & Mullet, 1997).
Jasmonic acid regulates developmental processes ranging from germination to
flower development; however, its role in plant responses to biotic stress has
attracted the most attention (Creelman & Mullet, 1997). Rapid wound-induced
increases in tissue JA levels are believed to upregulate a wide range of antiher-
bivore defenses, mostly through changes in mRNA expression. In Arabidopsis,
mutant plants deficient in linolenic acid and JA biosynthesis demonstrated high
levels of mortality when attacked by larvae of the fungus gnat, Bradysia impa-
tiens (McConn et al., 1997). Jasmonic acid-induced secondary metabolites
include alkaloids, steroids, and terpenoids, as well as proteins that interfere
with insect nutrition such as protease inhibitors and polyphenol oxidase
(Farmer & Ryan, 1990; Baldwin et al., 1994; Hopke et al., 1994; Thaler et al.,
1996). Many JA-induced responses have been demonstrated to protect plants
against future attack and can be triggered by mechanically damaging plant
tissues in the absence of actual herbivory (Baldwin et al., 1994; Thaler et al.,
1996; Thaler, 1999). 

In addition to JA, insect feeding also stimulates the production of ethylene
(Kendall & Bjostad, 1990; Kahl et al., 2000; Schmelz et al., 2003). Ethylene
regulates a wide array of plant responses including root hair formation, fruit
ripening, and senescence (Johnson & Ecker, 1998). Ethylene also coordinates
dynamic plant responses to both biotic and abiotic stresses including pathogens,
insects, flooding, and wind. Ethylene can both inhibit and synergize specific
plant defense responses to pathogens and insects (Penninckx et al., 1998; Kahl et al.,
2000; Schmelz et al., 2003). In tomato, ethylene acts in part by influencing the
production of JA and salicylic acid (SA) during wounding and pathogen infection,
respectively (O’Donnell et al., 1996, 2001). Increases in SA production during
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pathogen infection (Yang et al., 1997) result in broad-spectrum resistance to
subsequent pathogen attack, a response known as systemic acquired resistance
(SAR). Transgenic plants expressing salicylate hydroxylase (nahG gene) are una-
ble to accumulate free SA and display compromised resistance to pathogens
(Delaney et al., 1994). Unlike JA, mechanical damage does not induce increases
in SA levels (Yalpani et al., 1991). Thus, SA has been viewed primarily as a signal
in pathogen defense. However, in cotton, increased levels of free SA following
insect herbivory by Helicoverpa zea have been described (Bi et al., 1997).
How insect herbivory, but not mechanical damage alone, induces SA remains
unknown. Interestingly, SA is known to directly inhibit JA through repression of
biosynthetic enzymes and gene transcription (Doares et al., 1995; Harms et al.,
1998). Significant interactions and cross-talk among plant defense signals such
as JA, SA, and ethylene are now believed to regulate the phenotypic expression
of plant defense responses (Reymond & Farmer, 1998; Pieterse & Van Loon,
1999). 

Biochemical Pathways Involved in Plant Volatile Responses 
At least four biosynthetic pathways have been implicated in the production of

insect-induced plant volatiles (Paré & Tumlinson, 1999). Isopropenoid precursors,
such as isopentenyl pyrophosphate (IPP), are derived from the mevalonate and
alternative IPP pathways (Lichtenthaler et al., 1997) and serve as substrates for
monoterpenes, sesquiterpenes, and derived homoterpenes. Wounding generates
green leaf volatiles, such as mixtures of C6 alcohols, aldehydes, and esters, through
a lipoxygenase pathway-mediated oxidation of membrane-derived fatty acids
(Blee, 1998). The shikimic-acid/tryptophan pathway results in nitrogen containing
volatiles, such as indole (Frey et al., 2000). In some plants, monoterpenes and ses-
quiterpenes are constitutively present at the leaf surface. Such metabolites can be
synthesized and stored in external epidermal hairs called trichomes and other spe-
cialized cells such as mesophyll pigment glands (Gershenzon et al., 1989; Croteau
& Johnson, 1984). In cotton, constitutively present terpenes, such as α-pinene,
provide built-in protection against invading organisms and are characterized by
their tight linkage of localized volatile emission with active insect feeding damage
(Loughrin et al., 1994; Röse et al., 1996). Similarly, some volatiles are sequestered
as glycosides and immediately released during insect damage through the action
of glycosidases (Boland et al., 1992; Mattiacci et al., 1995). In contrast, many her-
bivore-induced volatiles show a significant delay between the time feeding starts
and detection of emission. Unlike damage-dependent constitutive volatiles, many
insect-induced volatiles display delayed induction, diurnal cycling of emission,
continued emission after cessation of herbivory, and de novo biosynthesis (Loughrin
et al., 1994; Paré & Tumlinson, 1997). 

Biochemical Elicitors of Insect-Specific Plant Defense Responses 
Turlings et al. (1990) demonstrated that herbivory by Spodoptera exigua on

corn plants results in the induction of volatiles that facilitate the attraction of
parasitoids, including Cotesia marginiventris, to their hosts. Alborn et al. (1997)
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isolated, identified, and synthesized the elicitor from S. exigua OS as N-(17-
hydroxylinolenoyl)-L-glutamine, termed volicitin. Additional fatty acid amides
(FAA) with volatile-inducing activity are now known to occur in the OS of
other caterpillar species (Paré et al., 1998; Pohnert et al., 1999; Alborn et al.,
2000, 2003; Halitschke et al., 2001; Mori et al., 2001). Common features of
insect-derived FAAs with volatile inducing activity is the presence of either
glutamine or glutamic acid linked via an amide bond to linolenic acid (18:3).
Fatty acid–amino acid conjugates are synthesized through the conjugation of
plant-derived fatty acids with insect-derived amino acids and this reaction
takes place within the insect (Paré et al., 1998). Spiteller et al. (2000) suggested
that gut bacteria may be involved in the biosynthesis of FAA elicitors; however,
more recent work (Lait et al., 2003) strongly indicates that in tobacco hornworm
caterpillars linolenic acid and glutamine are conjugated by membrane bound
enzymes in the crop and anterior midgut. Early work with exogenous JA
implied a role in insect-induced volatile emission (Hopke et al., 1994). In
tobacco, McCloud and Baldwin (1997) demonstrated an increase in JA following
the application of Manduca sexta OS to damaged leaves. Halitschke et al.
(2001) demonstrated that a combination of FAA elicitors was sufficient to
induce both JA and volatiles in tobacco. In corn, increasing levels of both
S. exigua herbivory and purified volicitin result in quantitative relationships
between JA and volatile emission (Schmelz et al., 2003a, 2003b). Volicitin
induces volatile emission through the increased accumulation of mRNA transcripts
encoding key biosynthetic enzymes (Frey et al., 2000; Shen et al., 2000). While
important, JA alone does not entirely explain the differential plant responses
following mechanical damage and insect herbivory. The application of
M. sexta OS to wounded leaves (Nicotiana sylvestris) stimulates increased JA yet
results in lower nicotine levels (McCloud & Baldwin, 1997). Induced nicotine
accumulation is primarily regulated by wound-induced JA levels (Baldwin et al.,
1994, 1997). In addition to JA, both M. sexta herbivory and the application of
M. sexta OS trigger increased ethylene production (Kahl et al., 2000). This burst
of herbivore-induced ethylene inhibits wound-induced nicotine accumulation
by repressing the levels of a key biosynthetic enzyme, putrescine N-methyl-
transferase, located in the roots (Winz & Baldwin, 2001). Factors responsible
for the induction of ethylene during insect herbivory have not yet been identified. 

Insect Salivary Enzymes and Plant Defense Signaling 
In addition to FAA elicitors isolated from gut contents, saliva from caterpillars

also influences plant responses (Musser et al., 2002). Glucose oxidase (GOX)
represents a significant activity of Helicoverpa zea saliva and catalyzes the oxi-
dation of glucose resulting in gluconic acid and H2O2. Application of GOX, iso-
lated from H. zea caterpillar salivary glands, inhibits the wound-induced
accumulation of nicotine in tobacco (Musser et al., 2002). Transgenic tobacco
plants with antisense suppression of catalase, the enzyme that normally scav-
enges free H2O2, demonstrate that endogenous H2O2 results in increases in
both ethylene and free SA (Chamnongpol et al., 1998). During feeding by
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H. zea larvae, GOX has been demonstrated to be transferred to the diet source
(Eichenseer et al., 1999). Currently, the role of herbivore saliva in volatile emission
and the general expression of direct defenses is unknown. The presence of
high levels of GOX activity in H. zea saliva may also explain how H. zea herbivory
stimulates the induction of free SA in cotton and resistance to the pathogen
Pseudomonas syringae in tomato (Stout et al., 1999). 

Molecular Aspects of Induced Plant Response 
Induced plant responses ultimately have their basis in the differential expres-

sion of genes encoding signaling and metabolic mechanisms (Cosgrove et al.,
2000). The focus of research and development for plant improvement has
turned to these molecular mechanisms in recent years because (1) dynamic
responses are now thought to be more important to plant success than are static
“constitutive” traits, (2) gene expression sometimes is more easily measured
than is production of metabolites, and (3) response traits must have a heritable,
genetic basis if they are to be useful in improving plants. 

One molecular approach involves identification of Arabidopsis genes that
are differentially expressed in response to pathogen infections. Through sup-
pression subtractive hybridization (SSH) (Diatchenko et al., 1996), it is possible
to identify several hundred novel plant genes that are differentially expressed in
response to pathogens, and to chemical and biological inducers of defense in
plants (Raina et al., in prep.). Genes identified in these studies are being used
to construct cDNA microarrays for global analysis of defense activation in
plants against pathogens. These microarrays will allow the rapid profiling of
gene expression in response to other pathogens or other stimuli (e.g.,
Reymond et al., 2000). 

This kind of progress is important for developing plants as reporters or
monitors for three reasons. First, the genetic constitution of plants may be
manipulated to amplify or alter traits expressed in response to particular stimuli.
For example, volatile profiles or amounts could be modified for more reliable
or useful reporting. Second, gene sequences that regulate the expression of
response traits (even if undetectable) can be linked to sequences encoding
more useful responses (e.g., volatiles and color), creating a novel, reporting
plant. Third, gene expression patterns (profiles) themselves reveal the plant’s
responses to recent experiences. With the development of appropriate tech-
nology, one will be able to “read” such profiles directly (e.g., by using real-time
microarray analysis). Theoretically, any phenotypic response to any stimulus
must be underlain by a gene expression profile. Some of these may be unique
enough to provide specific information; others could be engineered to do so. 

INDUCED PLANT SIGNALS AS “REPORTERS” OF ENVIRONMENTAL 
VARIABLES 

The rapid progress that is currently being made in understanding the sensi-
tivity and sophistication of induced plant responses raises the exciting prospect
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that plant signaling systems may eventually be manipulated in order to prod-
uce reliable reports of environmental stimuli of interests to humans. Possible
applications for such “plant sentinels” range from sensing soil conditions or the
presence of insect pests in agricultural settings, to monitoring air quality in eco-
logically sensitive areas, to placement at vulnerable locations to provide early
detection of accidental or intentional introductions of harmful pathogens or
chemicals. 

A key issue is developing phenotypic reports that can be readily assayed.
While harvesting tissues is necessary for obtaining molecular or biochemical
data, some induced-plant responses produce visible or other phenotypic
changes that could be detected at a distance, such as color development,
growth form, or volatile emissions. Genetic engineering of “reporter constructs”
linked to readily observable phenotypic traits (e.g., color changes effected
through the production of pigment proteins) promises to facilitate the develop-
ment of effective sentinels. It is likely that different reporter phenotypes will be
appropriate in particular contexts. For example, a report based on differences
in plant growth form may be effective for sensing climatic factors that manifest
at large spatial and temporal scales but not for detecting immediate threats
associated with the release of infectious pathogens. 

Volatiles as Reporters 
Volatiles emitted by plants in response to environmental stimuli are parti-

cularly promising for use in sensing. The discovery that plants can release spe-
cific volatile blends that distinguish between closely related herbivore species
(De Moraes et al., 1998) illustrates the fact that volatile responses can be tuned
to highly specific cues, as does the observation that distinct volatile responses
are characteristic of plant exposure to pathogen genotypes differing by as little
as a single gene (Huang et al., 2003). 

Peanut plants infected with white mold fungus, Sclerotium rolfsii, release a
blend of volatile compounds that differs significantly from that released by
healthy plants or plants damaged by beet armyworm caterpillars (Cardoza
et al., 2002). Thus, the presence of specific infectious agents can be deduced by
analyzing the volatiles produced. In fact, parasitic wasps, Microplitis croceipes,
can be trained to detect infected plants by exposing them to a compound
(3-octanone) produced by the fungus (Olson et al., 2003). The potential exists
to detect infected plants at an early stage of their infection and to identify the
infectious organism based on volatiles released by the diseased plants. There
are a few reports in the literature of volatile release by plants infected with
pathogens (Shulaev et al., 1997). Thus, Brassica rapa seedlings release
disulfides, isothiocyanates, and 4-oxoisophorone when infected with the fun-
gus Alternaria brassicae (Doughty et al., 1996), beans release 3-hexenol and E-2-
hexenal 15–24h after inoculation with Pseudomonas syringae pv. phaseolicola
(Croft et al., 1993), and pepper leaves release similar 6-carbon aldehydes and
alcohols after innoculation with the bacterial pathogen Xanthomonas campestris
pv. vesicatoria (Buonaurio & Servili, 1999). Further, ethylene has been
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reported to be released by plants in response to both pathogens and herbivores
(Chaudry et al., 1998). 

Pathogen derived compounds such as cellulysin, a crude cellulose extract
from the fungus Trichoderma viride, have been found to induce volatile pro-
duction in tobacco, lima bean, and corn plants (Piël et al., 1997; Koch et al.,
1999). Piël et al. (1997) found that a 50-µg/ml concentration of cellulysin elicited
the emission of hexenyl acetate, ocimene, linalool, nonatriene, indole, berga-
motene, beta-farnescene, nerolidol, and tridecatetraene 12–24h after application
to cut petioles. Similarly, coronatin, a phytotoxin isolated from Pseudomonas
syringae bacteria, also elicits the release of volatiles in plants. 

Other Types of “Reports” 
Biochemical changes, gene expression profiles, and morphological

changes all can comprise “reports” of recent experience. Plant responses to a
wide range of environmental stimuli and stresses are based on differential gene
expression and organized by a limited set of signaling pathways, as already dis-
cussed. For example, wound-related responses—to insects, mechanical damage,
and some other physical stimuli—are coordinated by the “octadecanoid path-
way,” in which fatty acid oxidation products may circulate through the plant or
be released as volatiles, cuing biochemical and molecular responses related to
the stimulus (Karban & Baldwin, 1997). This pathway is less often involved in
responses to pathogens, although not all of the situations in which it is involved
have yet been identified. A similar pathway based on phenolic synthesis and
salicylic acid production is most frequently activated in response to bacteria
and fungi. Other signaling systems, some involving plant hormones (e.g., absci-
sic acid, brassinosteroids) or volatile signals (ethylene), are being discovered all
the time and appear to play various roles in coordinating different kinds of
plant responses (Hasegawa et al., 2000). 

The existence of these signaling systems provides a focus for developing
reporters, since these signals “drive” the expression of genes in various plant
tissues in response to particular stimuli. Hence, activity of these signaling systems,
which is readily measured, indicates that a plant has responded to some stimulus,
even in the absence of a conspicuous phenotypic change. Indeed, activity of
the octadecanoid pathway is sometimes regarded as indicating a “wound
response”. These signals function in the plant via response elements tuned to
them, so that there are “auxin-response” elements and genes, “salicylate-
response elements,” etc. Some of these response elements are tissue or context
specific. Hence, de Majnik et al. (2000) produced a clover plant in which only
particular leaves developed specific coloration patterns under control of a cauli-
flower mosaic virus promoter. While they designed this system to be “on”
constitutively, it could be linked to an environmentally responsive promoter, so
the plant would produce the color pattern only when exposed. Temperature-
sensitive promoters are commonly used in this way (Kilby et al., 2000; Yang et al.,
2000). Other promoters, responsive to various (or specific) elicitors, could be
exploited similarly. For example, while soil quality can influence growth rates,
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it also can elicit expression of genes encoding enzymes in metabolic pathways
leading to color (red anthocyanins) and volatile development. In a soil-quality
screen, such a plant “reports” soil quality visually and biochemically via signaling
and biosynthetic pathways whose activity is mediated by gene expression (this
is why unfertilized houseplants turn yellow and red). These biochemical,
molecular, and phenotypic changes, cued by detectors and stimulated by elicitor-
specific promoters, comprise “reports” of environmental experiences. Responding
plants can then be altered or selected for stronger or more specific responses
(reports) and bred to produce “reporter lines”. 

The existence of gene-for-gene (Van der Biezen & Jones, 1998) interactions
between plants and pathogens suggests that responses could be designed to
be specific to particular microbes if underlying signaling and gene expression
mechanisms are understood. Indeed, a standard approach to dissecting plant
response systems is to screen large numbers of plants, looking for “conditional”
mutants, which report the conditions under which they are growing (usually
via altered phenotype). These plants are then examined for the underlying
mechanistic (biochemical, genetic) bases of their responses. 

Priorities for Future Research 
Continued basic research, aimed at characterizing morphological, bio-

chemical, and molecular responses to novel stimuli (including airborne chemicals
and pathogenic microbes), is needed to produce useful information that will
permit us to enhance plant “reporting” capabilities. Screening large numbers
of seedlings for phenotypic responses to various environmental stimuli can
identify response mutants for closer examination. Documenting the biochemical
changes (in internal signaling as well as volatile production) that occur in
exposed plants will help to identify phenotypic traits that can be exploited for
“reporting.” Developing profiles of gene expression in response to exposure
will provide information about the genetics underlying useful phenotypic
responses and may itself comprise a reporting modality. This suite of information
can allow us to modify plant responses (via breeding or genetic engineering) to
produce superior plant sentinels. In addition, these approaches could also lead to
improved pest control (via enhanced plant-pest “reporting”) and environmental
quality monitoring. 
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