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ABSTRACT

Most plants emit ethylene in response to herbivory
by insects from many different feeding guilds. The
elicitors of these ethylene emissions are thought to
be microorganisms or oral secretion-specific com-
pounds that are transferred when the attacking in-
sect feeds. To find the receptors for these elicitors
and describe the signaling cascades that are subse-
quently activated will be the challenge of future
research. Past experiments on the function of her-
bivore-induced ethylene, which were biased toward
the use of chemical treatments to manipulate eth-
ylene, identified seven ethylene-dependent defense
responses. In contrast, a genetic toolbox that con-
sists of several mutants has rarely been used and to
date, mutants have helped to identify only one
additional ethylene-dependent defense response.
Ethylene-dependent responses include the emission
of specific volatile organic compounds as indirect
defense, the accumulation of phenolic compounds,
and proteinase inhibitor activity. Besides being

ethylene regulated, these defenses depend strongly
on the wound-hormone jasmonic acid (JA). That
ethylene requires the concomitant induction of JA,
or other signals, appears to be decisive. Rather than
being the principal elicitor of defense responses,
ethylene modulates the sensitivity to a second signal
and its downstream responses. Given this modulator
role, and the artifacts associated with the use of
chemical treatments to manipulate ethylene pro-
duction and perception, future advances in the
study of ethylene’s function in plant-herbivore
interactions will likely come from the use of sig-
naling mutants or transgenic plants. It will be
exciting to see if adaptive phenotypic plasticity is
largely an ethylene-mediated response.
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Phytohormones regulate almost all developmental
processes in plants, from germination, to growth
and differentiation, to their carefully timed senes-
cence. Hormones transform external stresses into
internal responses and allow a plant to adjust its
phenotype to prevailing environmental conditions.
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Although ethylene is known to be involved in most
developmental processes and has been shown to be
the signal mediating the response to several exter-
nal stimuli, for example, pathogens and drought, it
is another phytohormone, jasmonic acid (JA), that
is thought to be the main mediator of responses to
herbivore attack (Halitschke and Baldwin 2005).
The observation that herbivore attack elicits an
ethylene burst was made as early as 1950, when an
elegant experimental procedure, the triple response
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of etiolated pea seedlings, was used to show that
infested rose leaves produced a physiologically
active ethylene release (Williamson 1950). In five
subsequent decades of research, the list of plant taxa
shown to emit ethylene in response to herbivore
attack has grown long, but our understanding of the
hormone’s function in the interaction has grown
only incrementally. Plants, as sessile organisms, can
use ethylene as a volatile hormone to interact either
with distant plant parts or with other plants in their
proximity. Thus, it is surprising that research on
how ethylene regulates a defense response in plant—
herbivore interactions is still in its infancy.

One explanation may be the technical chal-
lenges of manipulating ethylene production, accu-
mulation, and perception with chemical treatments.
In addition to the toxic byproducts from ethephon
and silverthiosulfate applications, phosphoric acid
and silver, determining the right timing and con-
centration of these and other chemicals to manipu-
late ethylene signaling during complicated processes
such as the wound response is clearly difficult. Eth-
ylene and 1-methylcyclopentene (1-MCP) are gases
readily diffusible through plant tissue, but their
ability to provide specific control of ethylene-
dependent defense responses is limited. 1-MCP has
been successfully used to regulate ethylene-depen-
dent postharvest processes of fruits and vegetables,
and the physiological and biochemical responses are
well known (Watkins 2006). Given that the main-
tenance of product quality, which involves ripening,
softening, and senescence, is in some cases achieved
by sequential application of 1-MCP and ethylene and
depends strongly on timing (Watkins 2006), it is not
surprising that the use of 1-MCP is limited when
complex and faster responses during herbivory need
to be simulated. Wounding of 1-MCP-treated de-
tached fruits is known to cause unexpected responses
due to feedback regulation of ethylene biosynthesis.
During the wound-induced ethylene biosynthesis in
Prunus persica, 1-MCP had no effect on 1-amino-
cyclopropane-1-carboxylic acid (ACC) oxidase
activity but inhibited the accumulation of its tran-
scripts while increasing the transcript accumulation
of ACC synthase (Mathooko and others 2001). Eth-
ylene regulation during herbivory on a whole-plant
level is likely to be multifaceted and thus different
from the ethylene biosynthesis that occurs during
developmental processes.

One example of ethylene’s role during a
developmental program, which implies ecological
interactions, is the plant-insect mutualism pollina-
tion. Initiation of post-pollination processes, such as
the regulation of floral scent and flower abscission,
can be ascribed to the ethylene burst that occurs

after pollination and has been successfully mim-
icked (Llops-Tous and others 2000; Negre and oth-
ers 2003; Patterson and Bleecker 2004). Research
advances have been driven by a clear definition of
the traits to be observed. Such clarity with regard to
response variables is lacking in studies that investi-
gate the function of ethylene in plant-herbivore
interactions. An interdisciplinary approach com-
bining molecular, biochemical, and ecological levels
of analysis, similar to that used to understand the
role that volatile organic compounds (VOCs) play in
plant-herbivore and tritrophic interactions (Tur-
lings and Ton 2006), will be required to fully
understand the function of ethylene in plant-her-
bivore interactions.

Research into ethylene’s biosynthetic pathway,
and the signal transduction cascades that both elicit
it and are elicited by its perception, has produced
some stunning results (Klee 2004; Chae and Kieber
2005), and genetically transformed ethylene-insen-
sitive plants have recently been used to further our
understanding of competitive interactions among
plants (Pierik and others 2004) and of the priming
that occurs in plant—-pathogen interactions (De Vos
and others 2006). However, these molecular ad-
vances have yet to be fully incorporated into the
study of the plant defense responses elicited by
herbivore attack; most research still relies heavily on
the use of exogenous chemical treatments to
manipulate ethylene responses. Here we review the
literature that illuminates the function of ethyl-
ene in plant-herbivore interactions and predict
advances that will likely result from the use of eth-
ylene perception and biosynthesis mutants in species
whose plant-herbivore interactions have been par-
ticularly well studied.

ETrYLENE EMISSION AND HERBIVORY

Elicitation of the Herbivore-induced Ethylene
Emission

The fact that herbivory elicits an ethylene release
has been recognized since the use of the triple
response of etiolated pea seedlings to examine eth-
ylene emanation of rose leaves that had been in-
fected by several pathogens and the red spider mite
Tetranychus telarius (Williamson 1950). Mite-in-
fested tissue produced more ethylene than did
healthy leaves, but the strongest emanation was
caused by pathogen attack. In subsequent decades,
numerous methods have been used to detect eth-
ylene, but only two are still commonly used: either
ethylene is concentrated in the headspace of
infested tissues and subsequently measured by a gas
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chromatograph equipped with a flame-ionization
detector (GC-FID), or on-line measurements of
attacked plants are conducted by photo-acoustic
spectroscopy (PAS), with a laser light source
adjusted to the critical wavelength to excite ethyl-
ene molecules (Table 1). These techniques enable
researchers to demonstrate that almost all plant taxa
emit ethylene when attacked by arthropod herbi-
vores, that the ethylene release is not due solely to
the damage caused by the attacking herbivore, and
that attack from herbivores of many different feed-
ing guilds elicits a response (Table 1).

Although mechanical wounding can result in
increased basal ethylene release, research using pins
to simulate the feeding damage inflicted by cotton
fleahoppers and basswood thrips clearly demon-
strated that the insect is required for a pronounced
ethylene burst (Duffey and Powell 1979; Rieske and
Raffa 1995). The wound-hormone JA, which is
responsible for integrating several direct and indi-
rect plant defense responses following herbivore
attack (Halitschke and Baldwin 2005), and syste-
min, a peptide signal that functions upstream of the
oxylipin pathway leading to JA (Schilmiller and
Howe 2005), have been shown to increase ethylene
emissions from tomato plants above levels observed
in control plants. The induced quantities were
proportional to the wound-induced amounts
(O’Donnell and others 1996). Hence, the herbivore-
induced ethylene burst is qualitatively different
from wound-induced ethylene releases; only syste-
min, and not JA, has been shown to elicit the re-
lease of ethylene.

The fact that ethylene is released after attack by
many different feeding guilds informed early
research on the mechanisms of elicitation. Early
studies with piercing-sucking insects regarded the
influence of ethylene to be secondary and the in-
sect to be the vector of a microbial elicitor. R. D.
Powell and co-workers, working on the microbial
colonization of cotton fleahoppers, were able to
separate the wound response from the fleahopper
attack and to correlate the abundance of microor-
ganisms in the herbivore with the amount of
ethylene induced (Duffey and Powell 1979; Gri-
sham and others 1987). The origin of the ethylene-
induced abscission of cotton flower buds caused by
insect attack was ascribed to the wounds inflicted
and salivary enzymes injected, and to the micro-
organisms that invaded the wounds (Martin and
others 1988). Studies of the ethylene emissions of
onion plants, Allium cepa, in response to Thrips
tabaci demonstrated that thrip extracts applied to
mechanical wounds in onion plants mimicked the
ethylene emission of thrip-attacked plants (Kendall

and Bjostad 1990). Although whole-insect extracts
were found to contain the elicitors in thrips, only
the oral secretions (OS) of the beetle Leptinotarsa
decemlineata were required to elicit the ethylene
burst in attacked Solanum tuberosum and Phaseolus
vulgaris plants (Kruzmane and others 2002; Stei-
nite and others 2004). The compounds in OS,
which themselves elicit the ethylene response in
interactions with thrips and with beetles, are un-
known.

In two well-studied plant-herbivore systems,
Manduca sexta—Nicotiana attenuata and Spodoptera
exigua—Zea mays, herbivore-specific defense re-
sponses that are regulated by JA, such as the
emission of volatile organic compounds (VOCs)
and trypsin proteinase inhibitor (TPI) activity, are
elicited by fatty acid—amino acid conjugates (FACs)
present in OS (Alborn and others 1997; Halitschke
and others 2001). The M. sexta—induced ethylene
emissions from N. attenuata plants are elicited by
FACs, the same OS-derived elicitor that increases
JA accumulation (C. C. von Dahl, R.A. Winz, R.
Halitschke, F. Kiihnemann, K. Gase and LT.
Baldwin, unpublished). However, although JA and
ethylene are both OS dependent, they are regu-
lated independently of one another. N. attenuata
as-lox3 plants are retarded in their JA accumulation
following herbivory due to the anti-sense expres-
sion of the specific lipoxygenase (NaLOX3) that
supplies fatty acid hydroperoxides to the oxylipin
cascade (Halitschke and Baldwin 2003). Oral
secretion-induced ethylene emissions of these as-
lox3 plants are not different from those of wild-type
(WT) plants, and inverted repeat ACO construct (ir-
aco) plants, which do not release ethylene after
herbivore attack due to the silencing of NaACO by
RNAI, show an OS-induced JA burst similar to that
of WT plants (C.C. von Dahl and I. T. Baldwin
unpublished). This suggests that an upstream sig-
nal, which is activated by the perception of FACs,
modulates the biosynthesis of these hormones.
Possible candidates are mitogen-activated protein
kinases (MAPKs), which regulate ethylene bio-
synthesis during the wound-response by altering
the stability of ACC synthase (ACS) (Chae and
Kieber 2005).

In contrast, the OS-specific responses of Vigna
unguiculata and P. vulgaris, which include JA accu-
mulation and the release of ethylene, were elicited
by applying specific fragments of the plants’ ATP
synthase (called inceptins) (Schmelz and others
2006). Inceptins elicit responses in bean and cowpea
but not in maize and tobacco, which suggests that
the elicitors of ethylene release vary structurally
from peptide fragments of plant proteins digested by



C. C. von Dahl and I. T. Baldwin

204

(4v2y) vulivdy ‘(Wop) viaidowor] “(19H) viaidolata] “(sAy1) viaidouvshyy ‘(daq) viaydoprda :suoivinaiqqy
SUOSLIDAW0) i) 01 *, Y | Juv]d jouiu 10, Y WH ,_b jowiu 01Ul u0iSIanU0d Lalfv sanivA winuixvul paysiqnd ayy fo sapuilisa aiv uanlb sapnuvnb auajkya
Y, “Sa102ds 10asuU1 $N0.10A1G43Y f0 A1a14DA D Aq Yov)v 421V 2Ud]AY12 11112 VXD JUD]d (1D ISOU]Y *Sa]NIa]owt U] A1Lf)a 110X 03 SV 0S pauny 224nos 1asv] v Yiim siskipuv (Syd) £doasoappads s1ysnoov ojoyd awiii-1pal 10 (q14-DD) U0110232p UOIIVZIUO0L
-awvyf Aydv.iboipuioyo svb buisn 11 buiffiuvnb Apuonbasqns puv anssiy payoviv uv fo ovdspvay Yyl ur AvNunIY 0j aualyja Buimojy £q 1ay1a ‘sivak 0§ uvyl 210Ul 10f paInsvaul Uadq aAvYy SUOISSIUS IUdJAYId panNpul-a1oA1qLoH

U WA 8 [owu $%0°0

(woy) avoisiad snzAp

G00T SI9YI0 pue SOA 2Q did-0o uopenuwmndde | §F jooys IND Y WA ,_8 [owu LS00 (do1) vadv.a suarg  vuvivyy sisdopiqoiy
€00C SIdYI0 pue z[puwyds A1I-05 uone[nwndde y | juerd 1oejur U W4 Tm [owu ¢z°0 (do1) vubixa viaydopods sAkvw vaz
00T SI9YI0 pue eInuwly Svd auIuO wued pejay g | _juerd jowa £90°0 (1e0V) avorzam snydAuvaja], snppunj snjoasvyd

U WA Tm [owu 120 (won) 1prd wnydisojpdoyy
100T SI9yl0 pue euopuediy A1I-05 uonenUINY  3uIpads 1oeiur 0 WA Tw [owu 8Z°0 (woy) wnunuvab s1ydvziyos 2UVBINA WNIPLOF]
0002 SIaylo pue [yed Svd auIuO juerd 1oe1U] U ued owu 67°0 (do1) vyxas vompuviy DIVNUIIY PUDIIONIN

(pownsaxd) ssurpaas 1D | Y NJ ,_8 [owu 600°0

C661 BHeY pue a3sary A1I-05 uoneuInNdde Y ¢  3SUIpa’ds 1eiuy -0 Wa Tw owu 800°0 (SAyL) smvivoqpo sdiiy ], DUDILIAMD DIJ1],
U TEEQ [owu z10°0 (woH) wnuiup.b s1ydvziyds (x910)
¥661 SIdUI0 pue Id[[TA ard-n0o uope[nwmndde 4 § wued pejuy g | _juerd jowa 900°0 (woy) vixou siydviniq pbna wnaplog
$661 $1919d pue UoSIdpuUy did-Do uonenuindde Y 8J J00ys 1D U WA Tm [owu 9°1 (woy) wnunuvab s1ydvziyos WNALISID WNILL]
1661 SIaYI0 pue YIM[[IQ ad-n0o uope[nWINdde [ §  91L[OI[OJLI} IND U WA _8 ot ¢6°0 (woH) vpwimovwt siydvorioy ], DAIIDS 0BVIIPIIN
0661 peisold pue [[epuad did-D5 uonenundde Y ¢ wuerd pejur Y WA ,_8 [owu 100°0 (sAqr) wvqvy sdryr vda> wniry

1861 s1oy1o pue [addeyy dmd-0o uone[nwndde g S9ARI[ IND 0 WA Tw fowu ¢1°0 (do1) vrapivouv;q sophiouoyAyg DO1ISAUIOp SNV

0861 SUIS20Y pue UM did-0o uopenundde Y 7 spunpad ) |y A ,_8 [owU L9°9T (sAYL) mpaisols sdriyroinjpbapy vipmombun vubip

6,61 [[PM0J pue Afng ai-Do uone[NUWNIIY pnq nd U WA ,_3 [owru 9% 1 (19H) Smv1ias Syaosouwoppnasd — wninsiiy wmnid{sson

DUIIY  uondAQ UOTSSTWIE 92IN0g QUITATIA soads 1dasuy sapads jueq

ORIV 9I0AIQI9H SULINp UOISSIWH dUI[AUIT

‘T 91qeL



Ethylene in Plant-Herbivore Interactions 205

the attacking herbivores to FACs produced in the
alimentary canals of herbivores. This specificity in
the elicitors suggests strong selection for the ability
to respond to specific attackers.

The Consequences of the Ethylene Burst for
Herbivore and Plant Performance

Early research on ethylene emission during her-
bivory was motivated by the secondary effects such
emission had on developmental processes, for
example, flower bud abscission and inhibited
internode elongation, which were initiated when
ethylene was released after herbivore attack (Duf-
fey and Powell 1979; Wien and Roesing 1980;
Miller and others 1994). Inhibited internode and
leaf blade elongation and increased flower bud
abscission following herbivory were associated
with the ethylene burst, which is known to
mediate these phenomena independently of her-
bivore attack. It is, however, abundantly clear that
herbivore attack results in dramatic changes in
resource allocation within a plant, and the phe-
nomena described above might well be caused by
rerouting resources to the roots and thereby
skirting other carbon sinks. Recently, FACs in
M. sexta OS were found to downregulate an SNF1
kinase in N. attenuata via a JA-independent path-
way. The suppression of the SNFI1 kinase alters
allocation, sending recently fixed carbon to the
roots, where it is bunkered for later use during
regrowth after the herbivore has left the plant
(Schwachtje and others 2006). Additionally,
JA-induced defense compounds are known to be
costly in terms of growth and seed production,
especially in herbivore-free environments, as has
been demonstrated for N. attenuata in its natural
habitat (Baldwin 1998). These herbivore-induced
changes in resource allocation influence plant
growth and profoundly alter herbivore perfor-
mance, not only by changing the suite of second-
ary metabolites that function as defenses (see
below), but also by changing the primary metab-
olites that determine the nutritional value of a
plant for an herbivore.

Herbivore bioassays provide the most direct
means of determining whether ethylene-mediated
responses alter herbivore performance on plants.
In a study that examined the performance of Myzus
persicae on Solanum lycopersicum exposed to a vari-
ety of different elicitors, only MeJA and BTH
treatments slowed aphid population growth,
whereas aphid counts were highest on ethephon-
treated tomato plants (Boughton and others 2006).
Unfortunately, this study lacks an analysis of the

aphid population growth in response to different
ethephon concentrations. Plant growth and flower
abscission showed a dose-dependent response,
indicating that ethylene activity depended on
concentration. This relationship is also likely to
affect both the plant’s response and the aphids’
subsequent performance. Contrasting results were
obtained for Arabidopsis thaliana with regard to the
population growth of two phloem-feeding aphids,
Myzus persicae (a generalist) and Brevicoryne brassicae
(a specialist); the population of both species was
the same on ethylene-insensitive efrl and WT
plants (Mewis and others 2005). Comparing the
performance of the generalist Spodoptera littoralis
with that of the specialist Plutella xylostella on
mutant Arabidopsis thaliana plants affected in eth-
ylene signaling, hookless 1 (hisl-1) and ein2-1, re-
vealed that the mutants were resistant only to the
generalist herbivore (Stotz and others 2000).

The treatment of an insect-resistant Zea mays
variety with CoCl,, aminoethoxyvinylglycine (AVG),
or 1-MCP increased both the feeding damage in-
flicted by the generalist Spodoptera frugiperda and the
herbivore’s relative growth rate in comparison to
untreated control plants (Harfouche and others
2006). This susceptibility was attributed to an eth-
ylene-responsive cysteine proteinase, Mirl-CP,
which was only found in the resistant variety. The
insect-susceptible Z. mays variety was not able to
accumulate the proteinase; nor did the inhibition of
ethylene-signaling change herbivore resistance
(Harfouche and others 2006). Thus, ethylene sig-
naling is involved in corn’s activation of resistance
to S. frugiperda. This is in contrast to the results
obtained with Arabidopsis: there the growth rate of
the generalist S. exigua decreased on efrl plants
(Mewis and others 2005; Harfouche and others
2006). A detailed analysis of the effects of ethylene
on the traits that are responsible for herbivore
resistance is required to understand the reasons
behind these ethylene-mediated changes in herbi-
vore performance.

Herbivore-induced Ethylene and the Defense
Response of Plants

Defenses can be constitutive or inducibly expressed,
and indirect or direct in their mode of action, and
they are further differentiated according to their
mechanism, which may be mechanical, chemical,
or proteinaceous. They often target features that are
common among different insect attackers, for
example, the digestive or nervous system, or the
mobility of the insect. Indirect defenses— for
example, emitted VOCs or extrafloral nectar—
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function not by targeting the attacker but by
attracting parasitoids or predators of insect herbi-
vores, and these finally kill the herbivore.
Ethylene has been shown to elicit a battery of
different defensive proteins. Polyphenoloxidase
(PPO) and peroxidase (POD) are enzymes that are
thought to form quinines, which subsequently react
with nucleophilic side chains of amino acids leading
to protein cross linkage. Quinones are thought to
inhibit digestion in the insect gut. Aphid infestation
of barley plants rapidly elicited hydrogen peroxide
followed by soluble PODs that reached maximum
levels after 25 min. Additionally, aphid infestation
increased ethylene emission significantly after 1 h.
When plants were exposed to 20 ppm ethylene,
simulating the release that occurs in aphid-infested
plants, hydrogen peroxide levels increased; but after
25 min, PODs had increased to levels only half of
those induced by aphids (Argandofia and others
2001). Blocking ethylene biosynthesis and percep-
tion, using amino-oxyacetic acid and 1-MCP,
respectively, as well as inhibiting protein synthesis,
demonstrated that increasing the POD and PPO
activity of P. vulgaris leaves in response to wounding
and to the application of OS from L. decemlineata
depended on ethylene production and was not
caused by insect-derived enzyme activity (Steinite
and others 2004). In tomato plants, PPO activity
showed a threefold increase after MeJA application;
yet no changes were observed after ethephon
treatment. Ethephon, however, increased POD
activity in a dose-dependent manner (Boughton
and others 2006). When ethylene was first men-
tioned as a possible signal mediating the wound
response of tomato plants, Proteinase inhibitor 2
(PIN2) transcript accumulation was shown to
depend on ethylene and JA synergistically (O’Don-
nell and others 1996). Proteinase inhibitors are
another class of enzymes interacting with the her-
bivore’s digestive system. When a resistant variety
of Z. mays Mp708 was analyzed using several eth-
ylene biosynthesis blockers and 1-MCP, resistance
was shown to be ethylene dependent. Ethylene
production and perception had no influence on
herbivore performance in the susceptible variety
Tx601. The protein activity and transcript accumu-
lation of Mirl-CP, a cysteine proteinase, were also
altered by ethylene signaling. This suggests ethylene
is a component of the signal transduction pathway
leading to resistance in maize and is mediated by
cysteine proteinases (Harfouche and others 2006).
Although many of these defensive proteins are
found in all plant taxa, small-molecular-weight
secondary metabolites that function as defenses
tend to be highly species or family specific. For

example, glucosinolates (GS) are characteristic of
Brassicaceae. Several mutants of A. thaliana were
investigated with regard to their ability to elicit GS
after attack by two aphid species and one lepi-
dopteran herbivore. The GS response to all three
insects required a functional NPR1 and ETRI. Al-
though the efrI mutant did not significantly influ-
ence total GS, ethylene was required for the insect-
induced accumulation of aliphatic GS. As caterpillar
performance was retarded on efr!/ mutants com-
pared to wild-type Col-1 plants, ethylene may have
influenced more than just the regulation of GS
(Mewis and others 2005). Nicotine accumulation
(characteristic for Nicotiana spp.) depends on the
activity of putrescine N-methyltransferase (PMT),
the first committed and regulatory step in nicotine
biosynthesis. Two studies investigated the interac-
tion of JA and ethylene in PMT transcript accu-
mulation and subsequent nicotine accumulation in
N. sylvestris and N. attenuata. The application of
ethylene and the use of 1-MCP and AgNO5 revealed
that the MeJA-induced accumulation of PMT genes
and the production of nicotine are attenuated by
ethylene (Shoji and others 2000; Winz and Baldwin
2001). This explains why the increased JA accu-
mulation in response to OS compared to wounding
did not increase nicotine in OS-treated leaves. Nic-
otine accumulation in response to OS was higher
than wound-induced amounts when the plants had
been pretreated with 1-MCP (Kahl and others
2000). Furthermore, synergistic effects between JA
and ethylene have been found in the phenolic and
terpenoid resin formation of Douglas fir, where the
MeJA-induced defense responses are amplified by
ethylene (Hudgins and Franceschi 2004).

A similar synergism between JA and ethylene was
observed in the elicitation of terpenoid emission in Z.
mays. Although pretreating plants with 1-MCP did
not change the level of caterpillar-induced JA accu-
mulation, it reduced the emission of sesquiterpenes
and indole, both of which are thought to function as
indirect defenses. Interestingly the emission of eth-
ylene in response to feeding S. exigua was also re-
tarded. The authors argue that reduced VOC
production was due to blocked perception rather
than changed ethylene emission (Schmelz and others
2003). Whereas exogenous ACC also enhances the
production of JA-induced (E)- and (Z)-f-ocimene
and (Z)-3-hexenyl acetate in lima bean plants, the
application of ethylene, in addition to MeJA, to
N. attenuata had no synergistic effect on cis-a-berg-
amotene emission (Kahl and others 2000; Horiuchi
and others 2001). The activity of another oxylipin-
derived signal is also synergized by ethylene. (Z)-3-
hexenol induces the emission of herbivore-induced
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VOCs in exposed corn plants. Although this plant-
plant signaling is enhanced if the receiver plant is
exposed to ethylene, exposure to ethylene itselfis not
sufficient to elicit herbivore-induced VOCs in re-
ceiver plants (Ruther and Kleier 2005).

CONCLUSIONS

It is surprising how little we know about the role of
ethylene in plant-herbivore interactions even after
half a century of research. Ethylene signaling has
been implicated in the elicitation of only eight de-
fense responses (Figure 1). An examination of eth-
ylene’s role in plant-herbivore interactions makes it
clear that studies which emphasize the role of eth-
ylene in mediating a defense response have failed to
analyze its effect on herbivore performance. On the
other hand, those studies analyzing the impact of
ethylene on an attacking herbivore do not analyze
the secondary metabolites that are likely responsible
for the changes in herbivore performance. This
highlights the value of using species whose plant—
herbivore interactions are particularly well studied,
especially when ethylene-signaling mutants are
incorporated into research programs. The fact that
ethylene plays an indirect role may have contrib-
uted to the slow rate of progress. For example, the
emission of particular VOCs and the accumulation
of phenolics and proteinase inhibitor (PI) activity
are defense responses that are ethylene mediated
(Figure 1), but their elicitation is JA dependent.

A recent study of the regulation of the tran-
scriptome during seedling growth revealed largely
non-overlapping responses to seven phytohor-
mones. Genes encoding proteins involved in sig-
naling and transcription were specifically regulated,
which is consistent with a role for hormones as
triggers of particular signal-transduction cascades
(Nemhauser and others 2006). This study contra-
dicts the extensive crosstalk commonly observed
among hormones. Kinases and transcription factors
are likely important in the integration of signals
during the regulation of protective responses against
stressors (Fujita and others 2006). In herbivore-
plant interactions, ethylene appears to function less
as a direct elicitor and more as a modifier of sig-
naling and downstream responses of JA. Whether
such interactions are mediated by kinases or tran-
scription factors needs to be determined.

FuturE DIRECTIONS

We predict that our understanding of ethylene’s role
in plant-herbivore interactions will be substantially

Ethylene signaling cascade and its manipulation
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Figure 1. Summary of experimental approaches to
manipulate ethylene signaling in plant-herbivore inter-
actions. Plants modulate ethylene responses at the level of
synthesis, transport, uptake, and turnover of the hormone
itself, or by regulating its perception and signal trans-
duction. Transgenic and mutant plants (marked in red)
altered in many of these processes are available but their
potential has not been fully utilized in the study of plant-
herbivore interactions. Only one ethylene-dependent
defense response (aliphatic GS accumulation) has been
discovered using mutant plants. The vast majority of
research has used exogenous applications of ethylene or
its precursors, or various inhibitors (marked in blue), and
7 defense responses are known to be influenced by these
treatments. These chemical applications (marked in blue)
can have numerous non-specific side effects and their
penetration into the different cell compartments is likely
limited. In contrast, mutants are available through the
EIN2-mediated responses at the nuclear membrane. The
induced and inhibited steps indicated in the figure refer to
the final ethylene response (transcription of ethylene
responsive genes) and not necessarily to the activity of the
particular step in the pathway. All 8 listed defense
responses increase under the presence of ethylene. Etol,
etrl-1, ctrl-1, and ein2-1 refer to plants mutated in the
indicated steps, whereas ir-acs and ir-aco are inverted-re-
peat RNAi plants silenced in the indicated steps of the
signaling cascade.

improved once genetic tools (left panel marked red;
Figure 1) are incorporated into research programs.
Several mutants in ethylene biosynthesis and its
downstream signaling cascade are available in
A. thaliana and S. lycopersicon (Czarny and others
2006), species in which both JA-dependent defense
responses and ethylene signaling are well defined.
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One drawback of genetic manipulations is that
when they are driven by nonspecific promoters,
they are unable to manipulate ethylene signaling in
a tissue-specific manner. Advances in inducible and
tissue-specific promoters continue, albeit slowly,
but once established, they should be included in the
research on ethylene-regulated defenses. A second
challenge for genetic manipulation of ethylene
biosynthesis is the large gene families of ACC syn-
thases and ACC oxidases, in which specific members
mediate specific responses. In the family of tomato
ethylene receptors, some members are able to
compensate for the loss of other members,
which complicates the interpretation of the results
(Klee 2004). To avoid these problems, consensus
sequences can be used to silence the expression of
multiple members in a large gene family by RNAi.
In contrast, specific sequence tags, frequently found
in the 3’UTR, synthetic miRNAs, or antisense full-
length genes, can be used to target the expression of
a single family member. Although the results from
mutant and transgenic plant analysis must be
interpreted cautiously, they will be needed to dis-
entangle the interplay of JA and ethylene in medi-
ating responses to herbivore attack.

When ethylene activity requires the concomitant
elicitation of JA, or of any other signal, it is likely
to be influenced by numerous other adaptive
responses. This might explain why exogenous
applications have not been as useful in ethylene
research as in the study of JA responses. Recent
advances in our understanding of ethylene’s role in
mediating between-species interactions suggest that
it plays an offensive function. The relevance of
ethylene emission in competition for light was dis-
covered using ethylene-insensitive efrl tobacco
plants. That light signals cause the shade avoidance
syndrome (SAS) is well known; what is new is that
exposure to ethylene is sufficient to elicit some of
these responses (Pierik and others 2004). Intraspe-
cific competition, simulated by alterations in red/ far
red light ratios, severely reduced the defensive re-
sponses of tobacco and tomato plants (Izaguirre and
others 2006), suggesting that ethylene helps tailor
defense responses in anticipation of competition-
mediated stress. Additionally, ethylene may prime a
plant, allowing it to respond more quickly to stresses
it encounters, as happens when Pieris rapae feed on
Arabidopsis plants that are subsequently inoculated
with turnip crinkle virus (TCV). Here, increased
sensitivity to virus-induced SA, caused by ethylene,
changes the plant’s resistance to the pathogen (De
Vos and others 2006). Given that performance in a
particular habitat requires the subtle tuning of
numerous adaptive responses to environmental

stimuli, we predict that as genetically modified or
mutant plants are more commonly used to explore
their performance in natural settings, ethylene’s
importance as a modulator of ecological responses
will be revealed.
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