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Ethylene Signal Transduction
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e Background The phytohormone ethylene is a key regulator of plant growth and development. Components of the
pathway for ethylene signal transduction were identified by genetic approaches in Arabidopsis and have now been
shown to function in agronomically important plants as well.

e Scope This review focuses on recent advances in our knowledge on ethylene signal transduction, in particular on
recently proposed components of the pathway, on the interaction between the pathway components and on the roles
of transcriptional and post-transcriptional regulation in ethylene signalling.

e Conclusions Data indicate that the site of ethylene perception is at the endoplasmic reticulum and point to the
importance of protein complexes in mediating the initial steps in ethylene signal transduction. The expression level
of pathway components is regulated by both transcriptional and post-transcriptional mechanisms, degradation of
the transcription factor EIN3 being a primary means by which the sensitivity of plants to ethylene is regulated.
EIN3 also represents a control point for cross-talk with other signalling pathways, as exemplified by the effects
of glucose upon its expression level. Amplification of the initial ethylene signal is likely to play a significant role
in signal transduction and several mechanisms exist by which this may occur based on properties of known
pathway components. Signal output from the pathway is mediated in part by carefully orchestrated changes
in gene expression, the breadth of these changes now becoming clear through expression analysis using
microarrays.
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INTRODUCTION

The phytohormone ethylene plays roles in physiological
processes throughout the life cycle of the plant (Mattoo
and Suttle, 1991; Abeles et al., 1992). Its involvement in
such agronomically important processes as senescence,
abscission and fruit ripening has made ethylene a target
for manipulation by chemical and biotechnological meth-
odologies (Mattoo and Suttle, 1991; Abeles et al., 1992;
Schaller, 2003). Ethylene has also been implicated in devel-
opmental processes such as the formation of the apical hook
in dark-grown seedlings (this hook protects the apical
meristem as the young seedling forces its way through
soil toward the light), the regulation of cell expansion
and flower development. Ethylene also regulates plant
responses to biotic stresses such as those induced by
pathogens, and to abiotic stresses such as those induced
by flooding or drought (Mattoo and Suttle, 1991; Abeles
et al., 1992; Roman et al., 1995; O’Donnell et al., 1996,
2003; Penninckx et al., 1998). There is cross-talk between
the ethylene signalling pathway and other hormone signal-
ling pathways, particularly with auxin, whose effects are
often mediated by ethylene, but also with ABA, cytokinins,
gibberellins and brassinosteroids. The wide-ranging effects
of ethylene have made it a topic of intense research for
decades, and although many components of the biosynthesis
and signalling pathways are now known, much remains to
be learned about the pathways and the complex regulation
of proteins involved. In this review, we focus on recent
advances in our knowledge on ethylene signal transduction,
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in particular on recently proposed components of the
pathway, on the interaction between the pathway
components, and on the roles of transcriptional and post-
transcriptional regulation in ethylene signalling.

GENETICALLY DEFINED COMPONENTS OF
THE SIGNAL TRANSDUCTION PATHWAY

Many key components of the ethylene signal transduction
pathway were identified from a simple genetic screen that
made use of ethylene’s effect on dark-grown seedlings
known as the ‘triple response’. In the model plant species
Arabidopsis thaliana, the triple response is characterized by
inhibition of hypocotyl and root elongation, a thickened
hypocotyl and an exaggerated apical hook. Populations
of mutagenized Arabidopsis were screened for seedlings
that displayed an altered triple-response phenotype, and
this approach resulted in the identification of several
ethylene-insensitive mutants. These mutants include etr/
(ethylene response) (Bleecker er al., 1988; Chang et al.,
1993), etr2 (Sakai et al., 1998), ein2 (ethylene insensitive)
(Guzman and Ecker, 1990; Alonso et al., 1999), ein3
(Roman et al., 1995; Chao et al., 1997), ein4, ein5, ein6
(Roman et al., 1995), hisl (hookless) (Guzman and Ecker,
1990), and eirl (ethylene insensitive root) (Roman et al.,
1995). Mutants were also identified that exhibited a triple
response in the absence of ethylene. These include ctr/
(constitutive friple response) (Kieber et al., 1993) and
ranl (responsive to antagonist) (Hirayama et al., 1999;
Woeste and Kieber, 2000). Genetic and molecular analyses
of these mutants have defined a pathway for ethylene signal
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FiG. 1. Pathway for ethylene signal transduction based on genetic analysis.

Key pathway components are shown. In air, the negative regulator CTR1

suppresses the pathway so that downstream positive regulators are inactive,

thereby resulting in seedlings that show an air-grown phenotype. Binding

of ethylene serves to inactivate CTR1, so that the downstream positive

regulators are now active. Activation of ethylene responses results in
seedlings that show the triple-response phenotype.

transduction leading from initial hormone perception to
transcriptional regulation (Fig. 1). These components
form the backbone on which our understanding of ethylene
signal transduction is based, and much current research is
aimed at determining how these components function in the
pathway. A brief outline on these signalling components
follows (Fig. 2). Readers who desire more detailed informa-
tion are referred to other recent reviews (Bleecker and
Kende, 2000; Alonso and Ecker, 2001; Schaller and Kieber,
2002; Chang and Bleecker, 2004).

Ethylene is perceived by a family of five membrane-
bound receptors (ETR1, ETR2, ERS1, ERS2, EIN4) that
have similarity to two-component regulators from bacteria
(Bleecker, 1999; Schaller and Kieber, 2002). Loss-of-
function (LOF) mutations in any single ethylene receptor
have little or no effect upon seedling growth, consistent with
functional overlap within the receptor family (Hua and
Meyerowitz, 1998). Plants with multiple LOF mutations
in the receptors show a constitutive ethylene response,
indicating that the receptors are negative regulators of
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FiG. 2. Model for ethylene signal transduction that incorporates
biochemical features of the pathway components. Soluble protein
domains are shown as circles and predicting transmembrane structures
are shown as lines. Confirmed components of the pathway are shown
in blue; more recently proposed components are shown in orange. In air,
ethylene receptors maintain CTRI1 in an active state that serves to
repress ethylene responses. In ethylene, the repression is relieved.
Binding of ethylene inactivates the receptors, thereby inactivating CTRI.
As a result, EIN2 is activated and a transcriptional cascade involving
the EIN3/EIL and ERF transcription factors is initiated. Both families
of transcription factors are involved in regulating ethylene responses.
The protein level of EIN3 is lower in the absence of ethylene than
in the presence of ethylene, due to degradation by the ubiquitin-
proteasome pathway. The figure also incorporates components about
which conflicting data has been reported, namely a MAPK module
operating downstream of CTRI1, and a two-component signalling
pathway (AHP and ARR) functioning independently of the CTRI-
mediated pathway.
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ethylene signalling (Hua and Meyerowitz, 1998). As
discussed later, this effect of LOF mutations in the
receptors is probably due to their interaction with the
downstream component CTRI. Interestingly, whereas
most receptors are localized to the plasma membrane,
analysis of the ethylene receptor ETR1 supports localization
to the endoplasmic reticulum (ER) (Chen et al., 2002).
Such a location is compatible with the ready diffusion of
ethylene in both aqueous and lipid environments (Abeles
et al., 1992).

CTRI1 is the next downstream component identified in
the signalling pathway (Kieber ez al., 1993; Huang et al.,
2003). CTRI is a Raf-like ser/thr kinase with similarity
to a mitogen-activated protein kinase kinase kinase
(MAPKKK), suggesting the involvement of a MAP-kinase-
like signalling cascade in the regulation of ethylene signal-
ling. LOF mutations in CTR1 result in a constitutive
ethylene-response phenotype, indicating that CTR1 is a
negative regulator of ethylene signalling.

EIN2 has similarity to members of the Nramp metal-ion
transporter family (Alonso et al., 1999). EIN2 plays a major
role in the ethylene response as LOF mutations result in
complete ethylene insensitivity for all ethylene responses
tested, indicating that EIN2 is a positive regulator of the
pathway. Also consistent with the action of EIN2 as a
positive regulator is the finding that expression of the C-
terminal soluble portion of EIN2 confers a constitutive
ethylene-response phenotype upon plants grown in the
light, although interestingly not upon dark-grown seedlings
(Alonso et al., 1999). Based on the similarity to Nramp, it is
tempting to speculate that EIN2 may regulate ethylene
responses in part by altering ion concentrations. One pos-
sibility would be calcium, which has been implicated in
ethylene responses (Raz and Fluhr, 1992; Kwak and Lee,
1997), but to date no ion transport activity has been demon-
strated for EIN2. In addition, although EIN2 is predicted to
be membrane-localized, the specific membrane system has
not yet been determined. Thus the actual function of EIN2 in
the pathway is still a mystery.

Functioning downstream of EIN2 is a small family of
transcription factors that includes EIN3 and various
EIN3-like (EIL) proteins (Roman et al., 1995; Chao et al.,
1997). LOF mutations in EIN3 cause partial ethylene
insensitivity. This insensitivity can be rescued by expres-
sion of EIN3, EILI or EIL?2 indicating that, along with EIN3,
at least these two EILs can mediate an ethylene response
(Chao et al., 1997). The EIN3/EIL family are involved in
a regulatory cascade and stimulate the transcription of
other transcription factors such as ERF1 (ethylene response
factor) (Solano et al., 1998; Alonso et al., 2003a), a member
of the ERF family of transcription factors (also sometimes
called the EREBP family for ethylene response element
binding protein) (Fujimoto et al., 2000). These transcription
factors have been shown to act as activators or repressors
of additional downstream ethylene-responsive genes
(Ohme-Takagi and Shinshi, 1995). An ein3/eill double
mutant eliminates virtually all the transcriptional response
to ethylene, indicating the key role this family of transcrip-
tion factors plays in the immediate response of plants
to ethylene.
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BASIC MODEL FOR ETHYLENE SIGNAL
TRANSDUCTION

The genetically defined elements have been ordered into a
proposed pathway (Figs 1, 2) for ethylene signal transduc-
tion based on double-mutant analysis (Kieber et al., 1993;
Hua et al., 1995, 1998; Roman et al., 1995; Sakai et al.,
1998). A pathway based on genetic interactions may not
always correspond to a biochemical or mechanistically
based pathway. What we know about the biochemical
nature of these elements does, however, support much of
what has been defined genetically. For example, genetics
places the receptors early in the pathway and the transcrip-
tion factors at the end of the pathway. The one signalling
element whose position in the pathway is hard to reconcile
based on its biochemical characteristics is EIN2, because
genetics places this membrane-localized protein in the
middle of the pathway.

An important feature of the ethylene signalling pathway
is that it contains both positive and negative regulators,
some proteins thereby serving to induce the responses
while others suppress them. The working model for
ethylene signalling is shown in Figs 1 and 2. Figure 1
shows the genetic relationships among key players in the
pathway whose role in ethylene signalling is substantiated
by multiple lines of research. Figure 2 incorporates genetic
relationships, biochemical data and some recently proposed
players in the pathway about which contradictory data
exists. According to the basic working model, the ethylene
receptors activate the kinase activity of CTR1 in the air
(absence of ethylene). CTRI1 then actively suppresses the
downstream responses, such that EIN2 and the EIN3/EIL
transcription factors remain inactive. Upon binding ethyl-
ene, the receptors no longer activate CTR1, and so CTR1 no
longer suppresses the pathway. This relief of suppression
allows for activation of EIN2, induction of the transcrip-
tional cascade, and the establishment of ethylene responses.
The presence of both positive and negative regulators res-
ults in a model for ethylene signalling that sometimes seems
counterintuitive, because the binding of ethylene inactivates
early components in the pathway.

Evidence indicates that the basic elements and mechan-
ism of the ethylene signal transduction pathway are
conserved in agronomically important dicots and monocots,
although some differences are observed (Adams-Phillips
et al., 2004a; Klee, 2004). Ethylene receptors have been
identified in many other plant species, including six genes in
tomato (Lycopersicon esculentum) (Klee, 2002), five in rice
(Oryza sativa) (Yau et al., 2004), four in tobacco
(Nicotiana tabacum) (Terajima et al., 2001), three in
cucumber (Cucumis sativus) (Yamasaki et al., 2000),
carnation (Dianthus caryophyllus) (Shibuya et al., 2002)
and pears (Pyrus communis) (El-Sharkawy et al., 2003),
two in muskmelon (Cucumis melo) (Sato-Nara et al.,
1999), passion fruit (Passiflora edulis)y (Mita et al.,
1998), peach (Prunus persica) (Rasori et al., 2002) and
maize (Zea mays) (Gallie and Young, 2004), and one in
wheat (Triticum aestivum) (Ma and Wang, 2003). Where
examined, these receptors display properties in keeping
with what has been found with the Arabidopsis ethylene
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receptors. The receptors have (1) homology to prokaryotic
two-component sensors; (2) redundancy within a single
plant species; (3) act genetically as negative regulators of
downstream responses; (4) show differential expression
throughout development with a subset of the genes induced
by ethylene; and (5) regulate a broad spectrum of physio-
logical processes.

Less information is available about the conservation of
the downstream components of the ethylene signal trans-
duction pathway such as CTR1, EIN2 and EIN3 in other
plant species, although these have been found when looked
for. Interestingly, in tomato there appears to be a three-
member CTRI-like gene family (Adams-Phillips er al.,
2004b), compared to the single Arabidopsis CTRI gene.
Recent reviews provide an up-to-date evaluation of the sta-
tus of ethylene signalling elements in species of agronomic
importance (Adams-Phillips et al., 2004a; Klee, 2004).

AN ER-LOCALIZED SIGNALLING
COMPLEX BETWEEN THE ETHYLENE
RECEPTORS AND CTRI1

Localization of ethylene receptors to the endoplasmic
reticulum (ER)

In most cases signal perception occurs either on the sur-
face of the plasma membrane (e.g. receptors for peptide
growth factors) or in the nucleus (e.g. receptors for steroid
hormones). Unexpectedly, based on several independent
lines of evidence, the ethylene receptor ETR1 was determ-
ined to localize to the ER (Chen et al., 2002). The ER-
localization is supported by biochemical fractionation of
Arabidopsis membranes as well as by immuno-electron
microscopy. Localization of ETR1 to the ER was stable
and was not influenced by ethylene binding. Preliminary
results indicate that ERS1 and ETR2, two additional mem-
bers in the ethylene receptor family of Arabidopsis, also
localize to the ER (Y.-F. Chen and G. E. Schaller, unpubl.
data). These results support the conclusion that the site of
ethylene perception exists at the ER.

Because the gas ethylene can diffuse in both aqueous
and lipid environments (Abeles er al., 1992), there is no
particular requirement for cell surface localization for the
ethylene receptors. The ER localization of the ethylene
receptors, however, raises the question as to why this par-
ticular location and not another. Is there some particular
quality of the ER that aids in ethylene signal transduction?
A number of possibilities exist. First, it might be energet-
ically efficient to have an ER-localized receptor, as the
receptor is not exported all the way through the secretory
system to the plasma membrane, which would expend ATP
energy. Second, receptors are rapidly delivered to their
site of action, which may be important for members of
the Arabidopsis ethylene receptor family such as ERSI,
ERS2 and ETR2 whose expression is induced by ethylene
(Hua et al., 1998). Third, the ER is the multi-functional
site of, for example, calcium homeostasis, protein bio-
synthesis and modification, lipid metabolism and stress
responses (Staehelin, 1997; Vitale and Denecke, 1999;
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Hara-Nishimura and Matsushima, 2003). Ethylene may
regulate these activities by co-localization of the signalling
pathway with these other pathways. Fourth, the ER is a
network-like organelle that contacts almost all other organ-
elles and endomembrane systems of the cell (Staehelin,
1997). This feature may confer upon the ER the function
as a ‘scaffold’ or a ‘highway’ to integrate a variety of sig-
nalling pathways as well as communication between various
organelles within the cell. Ethylene regulates a broad spec-
trum of processes in the cell, and a site for ethylene per-
ception at the ER may have evolved to meet such diversity.

Whether the ER is the exclusive site for ethylene percep-
tion remains an open question. Based on the analysis of
multiple ethylene receptor isoforms in Arabidopsis, the
ER is the predominant site of localization. It is possible,
however, that a subset of receptors is present at one or more
other membrane systems, or perhaps moves to the Golgi,
plasma membrane or vacuole under specific cellular or
environmental conditions that remain to be elucidated. It
is also possible that differences may exist among different
plant species. For example, transient expression of GFP
fusions to the tobacco ethylene receptor NTHKI1 in either
insect or tobacco protoplasts resulted in fluorescence appar-
ently associated with the plasma membrane (Xie et al.,
2003). The physiological relevance of this result is unclear
because expression of the genes was controlled by the
35S promoter, rather than the native promoter, and over-
expression of membrane proteins can result in mislocaliza-
tion. Additionally, fluorescence extended further inward
from the plasma membrane than would be expected for a
PM-localized protein and could thus potentially represent
localization to the cortical ER that underlies the PM.
Nevertheless, this study points to the necessity for further
research to determine how common ER-localization of the
receptors is in plants.

An ethylene receptor-CTR1 signalling complex

Interactions among proteins are limited by diffusion and
concentration, which can slow down the rate at which
information can be transferred from one element to the
next in a signal transduction pathway. One way to circum-
vent this limitation is to assemble the proteins into com-
plexes, in which two or more of the proteins involved in
signal transduction are physically associated. Such com-
plexes can orientate signalling elements as well as establish
optimal stoichiometries between the signalling elements.
Data indicates that the ethylene receptors form protein com-
plexes with the downstream signalling component CTRI.
This physical interaction has been analysed in most detail
for ETR1 and CTRI1, but evidence suggests that the other
ethylene receptors also interact with CTRI.

Like the ethylene receptors, CTR1 has been shown to
associate primarily with the ER, as revealed by sucrose
density-gradient centrifugation experiments (Gao et al.,
2003). CTR1 has no predicted transmembrane domains
or membrane attachment motifs, suggesting that the mem-
brane association of CTR1 occurs due to interaction with
integral membrane proteins, the ethylene receptors being
likely candidates. A pull-down assay demonstrated that
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FiG. 3. Model for signalling by the ethylene receptor—-CTRI1 protein
complex. The ethylene receptor (blue) contains one ethylene-binding site
per homodimer, with ethylene binding mediated by a single copper ion (Cu)
present in the ethylene-binding site. CTR1 (shown in orange) interacts with
the soluble domain of the receptor and as a result of this interaction is
localized to the ER. In air, the kinase domain of CTRI actively represses
ethylene responses. Binding of ethylene by the receptor leads to a
conformational change in CTR1 that reduces its kinase activity, thereby
relieving repression of the ethylene response pathway. Mutations in CTR1
(indicated by a white circle) can result in an ethylene-like response in air by
two different mechanisms. Mutations such as ctr/-/ eliminate the kinase
activity of CTR1 so that CTRI1 is unable to repress the ethylene responses.
Mutations such as ctr/-8 disrupt the interaction of CTR1 with the receptor,
resulting in mis-localization of CTRI to the cytosol. Loss-of-function
mutations that eliminate multiple members of the ethylene receptor
family (receptor A) also result in mis-localization of CTRI1 to the
cytosol. In the cytosol, CTR1 may adapt a kinase-inactive conformation
(as shown here) or may not be proximate to the appropriate phosphorylation
substrate (figure adapted from Gao et al., 2003).

CTR1 and ETRI are in the same signalling complex in
Arabidopsis (Gao et al., 2003). Several additional lines
of evidence support a direct interaction between CTRI1
and ETR1. Analysis using the yeast two-hybrid system
indicates that CTR1 is able to interact with ETRI1 as well
as with ERS1 or ETR2 (Clark et al., 1998; Cancel and
Larsen, 2002). In addition, CTR1 has been shown to be
able to interact with ETR1 and ETR2 using proteins trans-
genically expressed in E. coli and yeast (Clark et al., 1998;
Cancel and Larsen, 2002; Gao et al., 2003).

Analysis of various mutations in CTR1 and the ethylene
receptors clarify the mechanism of action of CTR1 and
demonstrate the importance of the ethylene receptor—
CTRI1 signalling complex in transmission of the ethylene
signal (Fig. 3). CTR1 mutants that lack kinase activity result
in the constitutive ethylene-response phenotype, demon-
strating the importance of the kinase activity in suppressing
ethylene responses (Kieber et al., 1993). Although kinase
activity of CTR1 is required, it is not apparently sufficient to
suppress ethylene responses. Localization of CTR1 to the
ER through its association with the ethylene receptors is
also required. A mutation in CTR1 (ctr1-8) that disrupts the
ability of CTRI to interact with the ethylene receptors
causes a redistribution of CTR1 from the membrane to
the cytosol, and results in a constitutive ethylene response
(Gao et al.,2003; Huang et al., 2003). Similarly, elimination
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of ethylene receptors also results in a redistribution of CTR1
from the membrane to the cytosol. Because there is a family
of ethylene receptors, elimination of a single family mem-
ber has little effect upon redistribution of CTRI1, but in
double- and triple-receptor mutants significant amounts
of CTRI1 are found in the cytosol instead of at the mem-
brane. Such higher-order receptor mutants show a constitu-
tive ethylene response phenotype (Hua and Meyerowitz,
1998), apparently due to this loss of CTR1 from the mem-
brane. In the cytosol, CTR1 may adapt a kinase-inactive
conformation or may not be proximate to the appropriate
phosphorylation substrate.

A central question that still remains is the mechanism by
which the activity of CTRI is regulated by the ethylene
receptors. Based on the model for signalling by the protein
kinase Raf (Heidecker et al., 1990), the N-terminus of CTR1
might be able to autoinhibit its C-terminal Ser/Thr kinase
activity. In air (absence of ethylene), the receptors would
maintain the N-terminus of CTR1 in a conformation such
that CTR1 is active and able to repress downstream ethylene
responses. Ethylene binding would induce a conformational
change such that the N-terminus of CTR1 could autoinhibit
its kinase activity, thereby releasing the repression on
downstream ethylene responses. Because of the physical
interaction between the ethylene receptors and CTRI, it
is possible that regulation of CTRI could occur due to
conformational changes induced in the receptors by binding
ethylene then being passed on to CTRI. It is also possible
that such regulation could be mediated through changes in
the phosphorylation status of the ethylene receptors and/or
CTRI1. Phosphorylation is a common mechanism used to
regulate enzymatic activity, the negative charge of the phos-
phate group helping contribute to changes in protein con-
formation. The ethylene receptors ETR1 and ERS1 have
been shown to contain the predicted histidine kinase activity
(Gamble et al., 1998; Moussatche and Klee, 2004). In addi-
tion, members of the ethylene receptor family have been
proposed to contain Ser/Thr kinase activity (Moussatche
and Klee, 2004; Zhang et al., 2004).

The relative importance of receptor kinase activity in
signalling is still unclear. Initial studies failed to uncover
a role for kinase activity in ethylene signalling (Gamble
et al., 2002; Wang et al., 2003). Recently, mutations that
should reduce or eliminate receptor kinase activity were
found to have a small effect upon the induction of ethylene
responses as well as upon how rapidly seedlings recover
their normal growth rate after ethylene is removed (Binder
et al., 2004; Qu and Schaller, 2004). These effects, however,
are not as large as might be predicted if changes in phos-
phorylation were the sole regulator of signal transduction
between the ethylene receptors and CTRI1. Additional
research using new mutants should help clarify how activity
of CTRI1 is regulated.

RECENTLY PROPOSED COMPONENTS OF
THE SIGNAL TRANSDUCTION PATHWAY

A number of recent studies have implicated new compon-
ents in the regulation of ethylene signal transduction.
Their role in ethylene signal transduction is, however,
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not as clear as those components previously identified by
forward genetic analysis. The proposed role of these new
components is based on loss-of-function mutant phenotypes
that result in slight modifications of ethylene responses or
upon phenotypes resulting from over-expression. Thus these
components are not necessarily part of the primary ethylene
signal transduction pathway. For example, they could rep-
resent components of other pathways that impinge upon
ethylene signalling. Additional work is needed to determine
their contribution to ethylene signalling under physiological
conditions, and indeed data conflicting with the original
reports has already been found in some instances.

MAPK and MAPKK

A MAPK kinase pathway has been proposed to function
in ethylene signalling because CTRI is similar to Raf, a
member of the MAPKKK (mitogen-activated protein kinase
kinase kinase) family (Kieber et al., 1993; Huang et al.,
2003). Thus researchers have attempted to determine if a
MAPK cascade composed of CTR1, a MAPKK and a
MAPK participates in the ethylene signalling pathway.
Several studies provide evidence supporting this hypothesis
(Novikova et al., 2000; Ouaked et al., 2003). Ethylene
activates MAP kinase-like activity of a 47-kDa protein in
Arabidopsis (Novikova et al., 2000). Similarly, the transient
expression of CTRI activates an endogenous kinase of
44 kDa in maize mesophyll protoplasts (Novikova et al.,
2000). Ouaked et al. (2003) found that the ethylene pre-
cursor ACC could activate kinase activity of two Medicago
MAPKSs (SIMK and MMK3), the Arabidopsis MPK6 and a
Medicago MAPKK (SIMKK). In this study, the Medicago
SIMKK specifically mediated ACC-induced activation of
SIMK and MMK3. Transgenic Arabidopsis plants over-
expressing SIMKK have constitutive MPKG6 activation
and also show induction of several ethylene-induced target
genes. The lines in which SIMKK is ectopically expressed
also resemble cfr/ mutants, showing an apparent constitu-
tive ethylene response phenotype in air (absence of
ethylene). Based on the analysis of various Arabidopsis
mutants, the ACC-induced activation of MPK6 required
functional ethylene receptors and CTRI but occurred
upstream or independently of EIN2 and EIN3. Figure 2
shows how this MAPK cassette would fit into the currently
understood pathway for ethylene signal transduction.

There are, however, serious reservations about these stud-
ies. First, strictly on theoretical grounds, the evidence sug-
gests an unusual form of the MAPK pathway not previously
observed in other eukaryotes. CTRI1 is a negative regulator
of ethylene signal transduction, and is inactivated by
ethylene (Kieber et al., 1993; Huang et al., 2003). In contrast,
SIMKK and MPKG6 both appear to be activated by ethylene
(Ouaked et al., 2003). This would suggest a regulatory
cascade operating in the form of MAPKKK — MAPKK —
MAPK, rather than the generally accepted MAPKKK —
MAPKK — MAPK cascade (i.e. inhibition of a MAPKK by
a MAPKKK). Second, it has not been possible to replicate
all the data found in the paper by Ouaked er al. (2003).
Specifically, in a separate study, no significant effect of
ACC upon activation of MPK6 was observed in wildtype
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or mutant Arabidopsis plants (Liu and Zhang, 2004). Exami-
nation of the data does suggest that a slight stimulation may
occur, but this is not nearly as pronounced as that found in a
stress response such as occurs with wounding. Third, reduc-
tion in the expression of Arabidopsis MPK6 by RNA inter-
ference or through T-DNA insertions does not cause
appreciable effects upon ethylene responses (Ecker, 2004;
Menke et al., 2004).

A likely explanation for the conflicting data arises due to
the role of MAPK pathways in stress responses. Plants under
either biotic or abiotic stress produce increased levels of
ethylene, called stress ethylene, which is able to initiate
various ethylene-regulated responses (Mattoo and Suttle,
1991; Abeles et al., 1992). Recently Kim et al. (2003)
provided evidence to indicate that an active NtMEK2
(MAPKK) and SIPK (MAPK) cascade mediated the pro-
duction of stress ethylene in tobacco. The activation of SIPK
coincided with a dramatic increase in ACC synthase (ACS)
activity, which was followed by the activation of a subgroup
of ACS and ACC oxidase genes, all of which would result in
arapid increase in ethylene production (Kim ez al., 2003). A
similar role for MPKG6 in the production of stress ethylene
by Arabidopsis plants has also now been demonstrated (Liu
and Zhang, 2004). The proposed role of MAPK pathways in
the production of stress ethylene makes it more difficult to
ascribe a specific role for a MAPK pathway functioning in
the primary pathway for ethylene signal transduction. For
example, increased production of ethylene by the stress
pathway would activate ethylene signal transduction, res-
ulting in various ethylene responses, but this would be a
secondary consequence of activating the MAPK pathway.
Thus, while a MAP kinase pathway may function down-
stream of the ethylene receptors, it is no longer considered
likely to involve SIMK and SIMKK-like proteins.

ARR?2

The Arabidopsis ethylene receptors are similar to histi-
dine kinases that function in bacterial two-component sig-
nalling systems (Bleecker, 1999; Schaller and Kieber,
2002), histidine kinase activity having been confirmed
for some of the ethylene receptors (Gamble et al., 1998;
Moussatche and Klee, 2004). Two-component systems are
signal transduction systems that transfer a phosphate
between a series of defined proteins acting in sequence: a
phospho-relay (Schaller, 2000; Schaller et al., 2002). The
simplest system involves a histidine kinase and a response
regulator (the ARR family in Arabidopsis); a more com-
plicated system also involves a third protein known as a His-
containing phospho-transfer protein (the AHP family in
Arabidopsis). The clearest role for two-component systems
in Arabidopsis is in cytokinin signal transduction, which
incorporates all elements of the two-component signalling
system (Hwang and Sheen, 2001; Haberer and Kieber,
2002; Heyl and Schmiilling, 2003; Kakimoto, 2003).

Because some of the ethylene receptors are histidine
kinases, there is interest in determining if a traditional
two-component signalling system contributes to ethylene
signal transduction as well. Recently, Hass er al. (2004)
examined the effects of a mutation in the response regulator
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ARR?2 upon ethylene signal transduction. They reported a
slight reduction in the ethylene sensitivity of seedlings
containing an arr2 loss-of-function mutation, and that
over-expression of ARR2 complemented the ethylene hypo-
sensitive phenotype. They also report that an activated form
of ARR2 can induce a constitutive ethylene-response-like
phenotype in Arabidopsis seedlings. The authors propose
that an ETR1-initiated phospho-relay regulates activity of
ARR2, with ARR2 representing the final step in this
phospho-relay (Hass ef al., 2004). This would represent a
new branch of the ethylene signalling pathway, involving
both an AHP and an ARR, operating independently of the
branch that contains CTR1 (Fig. 2).

There are, however, reservations on how far the inter-
pretations of this study can be carried. First, we have tested
three independent arr2 T-DNA insertion mutants, includ-
ing the mutant examined by Hass er al. (2004), but not
observed a significant effect upon the seedling ethylene
response (M.G. Mason and G.E. Schaller, unpubl. data).
Second, the phenotype of seedlings expressing the activ-
ated form of ARR2, while dwarfed, do not show the apical
hook or shortened root that one would expect upon activa-
tion of the ethylene signalling pathway (Hass ez al., 2004).
Thus, ARR2 would appear to have only limited involve-
ment in the regulation of accepted ethylene responses. It
seems reasonable to suppose, given the histidine kinase
activity of the receptors, that they would participate in a
phospho-relay, but it is still unclear as to what role this
plays, whether it allows for a CTR1-independent change
in gene regulation in response to ethylene or potentially
allows for cross-talk with the cytokinin signalling
pathway.

PP2A

The mutant enhanced ethylene response 1 (eerl) displays
both increased sensitivity and increased amplitude of
response to ethylene (Larsen and Chang, 2001). Molecular
cloning of eerl revealed that its mutant phenotype results
from a loss-of-function mutation in the previously charac-
terized RCN1, which encodes a regulatory subunit for the
phosphatase PP2A (Larsen and Cancel, 2003). Loss-
of-function mutations affecting PP2A activity increased
ethylene responses. Blockage of PP2A activity with
inhibitors caused exaggeration of ethylene responses.
Intriguingly, a catalytic subunit of PP2A (PP2A-1C), but
not the regulatory subunit RCN1, was found capable of
interacting with the kinase domain of CTR1 in vitro (Larsen
and Cancel, 2003). CTR1 did not phosphorylate RCN1 or
PP2A-1C, suggesting that they are not substrates of CTR1.
It is hypothesized that PP2A might reduce CTR1 activity
such that a lower threshold of ethylene is required for mani-
festation of ethylene response, a situation similar to that of
mammalian Raf whose activation requires PP2A activity
(Larsen and Cancel, 2003). On the other hand, previous
analyses of RCN1 uncovered a role for this gene in
auxin signalling (Garbers et al., 1996; Rashotte et al.,
2001), and so the role of this gene in ethylene signalling
may not be direct but may arise due to the cross-talk
between the auxin and ethylene signalling pathways.
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Other candidates

Clues from physiological and biochemical analyses indic-
ate that monomeric GTP-binding proteins and nucleoside
diphosphate kinase might regulate the ethylene signalling
pathway (Moshkov et al., 2003a, b; Novikova et al., 2003).
In addition, genetic analysis may still uncover new genes
that function either directly in the pathway or that interact
with the pathway. Mutant screens are probably saturated for
the identification of individual mutants that have substantial
effects upon ethylene signal transduction. The search for
weakly ethylene-insensitive mutants, however, is still a
promising direction for uncovering new genes that affect
ethylene signal transduction (Alonso et al., 2003b).

POTENTIAL MECHANISMS FOR SIGNAL
AMPLIFICATION IN THE PATHWAY

In signal transduction pathways, small amounts of an initial
signal are recognized by the receptor and this information is
then passed along a signalling circuit to regulate down-
stream responses, such as changes in gene expression and
enzyme activity. Transfer of the signal along the circuit
depends on the activity of elements that make up the
signalling circuit, the affinity between the elements and
concentration of the elements. Activity and/or affinity
can be altered by post-translational modifications such as
phosphorylation. The concentration of each signalling
element can be altered by changes in biosynthesis (tran-
scriptional and post-transcriptional regulation) and/or
degradation. Alteration of any of these parameters can be
used to modify how effectively the signal is transduced. In
most cases, the signal is amplified during signal transduc-
tion. Thus the concentration of initial elements in the path-
way (hormone and receptor) can be quite low, but still result
in the activation of many downstream signalling elements.
In this section we will consider some of the possibilities by
which the ethylene signal can be amplified based on what
we know about elements in the signalling circuit.

One basis for postulating that amplification occurs during
ethylene signal transduction comes from a consideration of
the wide concentration range over which ethylene affects
plant development. In dark-grown Arabidopsis seedlings,
changes in the growth response to ethylene have been
observed at ethylene concentrations as low as 0-2 nL L™
(Binder et al., 2004a, b); in contrast fruit ripening involves
ethylene production that exceeds 100 uL L™" (Abeles et al.,
1992). Transcriptional changes have been shown to
occur over a range of ethylene concentrations from 0-1 to
1000 uL. L' (Chen and Bleecker, 1995). Not only are plants
able to respond to ethylene across a broad concentration
range, but they are able to do so at both extremely low
concentrations (the 0-2 nL L~' threshold level given
above is over 100-fold below the calculated K, for ethylene
binding by the receptor ETR1) and extremely high concen-
trations (1000 uL L™ being over 10 000-fold above the K4
for ethylene binding). This suggests that the receptors have a
mechanism by which to recognize and transduce informa-
tion in response to very subtle changes in levels of receptor
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occupancy by ethylene, indicative of some form of signal
amplification.

One possibility by which the receptors might accomplish
this task is to have receptors with widely differing affinities
for ethylene. Affinities for only two of the five ethylene
receptors (ETR1 and ERS1) in Arabidopsis have been
determined, both of these, however, giving very similar
values (Schaller and Bleecker, 1995; Hall et al., 2000).
These values were determined using receptors transgenic-
ally expressed in yeast, and it is thus possible that affinity of
the receptors in plants could be modified, potentially as part
of a feedback mechanism to regulate the plant’s respons-
iveness to ethylene. Two additional possibilities for signal
amplification can be postulated based on what has been
found with the histidine-kinase-linked chemotaxis receptors
of bacteria. These receptors employ a feedback mechanism,
involving methylation of the receptor, by which the signal
output of the receptor can be modified so that the receptor
adapts to increasing concentrations of the ligand (Parkinson,
1993). No such methylation has been noted for the ethylene
receptors, but it is possible that other modifications such as
phosphorylation could adjust and reset signal output so that
the receptors amplify signals from a wider spectrum of
ligand concentrations. The chemotaxis receptors also
form higher-order clusters (Bray et al., 1998; Ames et al.,
2002; Gestwicki and Kiessling, 2002). Binding of the ligand
by one receptor can affect signal output by other receptors in
the cluster even when these other receptors have no bound
ligand. This occurs because conformational changes
induced in the receptor upon ligand binding are propagated
among the surrounding receptors through direct physical
interactions. Such clustering could also potentially serve
to amplify signal output from the ethylene receptors.

A common means for signal amplification is through
kinase-mediated phosphorylation. An enzyme can catalyse
multiple reactions, so a single protein kinase may phos-
phorylate and thereby regulate activity of many copies of
its substrate. Phosphorylation is apparently a key mechanism
by which the ethylene signal is transduced, this being most
clear in the case of the ser/thr protein kinase CTR1. Muta-
tions that eliminate kinase activity of CTR1 result in the
constitutive ethylene response phenotype, indicating the
CTR1-mediated phosphorylation is required for suppressing
ethylene responses in the air (Kieber et al., 1993; Huang et al.,
2003). The possibilities for signal amplification become even
greater if one has a cascade of protein kinases acting sequen-
tially, as in the case of the MAP kinase cascade proposed to
function downstream of CTR1 (Ouaked et al., 2003).

A transcription-factor cascade represents yet another
means by which a signal might be amplified. In this case
one transcription factor would induce transcription of a
second group of transcription factors that would in turn
induce transcription of target genes. Evidence supports
such a cascade operating in the regulation of ethylene
responses in Arabidopsis. In Arabidopsis, the first elements
operating in this cascade are the EIN3/EIL transcription
factors (Chao et al., 1997). Among their targets are ERF1
and the EREBP family of transcription factors (Solano et al.,
1998; Alonso et al., 2003a). It is also postulated that ERF1
may induce transcription of additional transcription factors.
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Such a transcription-factor cascade serves as a means to
amplify the signal as well as allowing for fine-tuning of
signal output.

REGULATION OF THE LEVELS OF
COMPONENTS IN THE ETHYLENE
SIGNALLING PATHWAY

Ethylene signalling, from biosynthesis to response, is highly
regulated at both the transcriptional and post-transcriptional
levels. Regulation of either hormone levels or that of key
proteins in the signal transduction pathway can regulate flux
through the pathway, and thereby regulate the final level of
ethylene response. The identification of the genes involved
in ethylene biosynthesis and signalling has allowed a direct
assessment as to what factors regulate their expression. Not
surprisingly, ethylene itself is often an important regulator
of expression. Thus the signalling pathway is able to feed
back on itself to regulate its own sensitivity to ethylene.

Transcriptional regulation

The final two steps in ethylene biosynthesis are catalysed
by ACC synthase (ACS) and ACC oxidase (ACO). ACS and
ACO are each encoded by gene families, and there is thus
the possibility for differences in the regulation of expression
amongst the different family members. Transcription of the
ACS family members in Arabidopsis is differentially regu-
lated during development, in different tissues and in
response to different stimuli such as ozone and anaerobis
(Liang et al., 1992; Vahala et al., 1998). One Arabidopsis
ACS isoform (ACS4) is transcriptionally induced by auxin
and may be a component involved in the cross-talk between
this hormone and ethylene (Liang et al., 1992). Members of
the ACO gene family are also differentially regulated, indic-
ating that although ACS is the key regulatory point for
ethylene biosynthesis, regulation of ACO expression also
has functional significance (Prescott and John, 1996). At
least two ACO genes in Arabidopsis are ethylene inducible
(Alonso et al., 2003a; Zhong and Burns, 2003), suggesting
that a feedback mechanism is in place to ensure that there
will be no limitations to ethylene production once the pre-
cursor ACC is produced. One of these genes, ACO2, is
induced primarily in the apical region of seedlings,
which results in differential cell expansion in this area,
and thus formation of the apical hook (Silk and Erickson,
1978; Ecker, 1995; Raz and Ecker, 1999). Gibberellins are
also essential for hook formation and may be involved in
cross-talk with ethylene to control this process (Vriezen
et al.,2004). This type of multi-hormone regulation appears
to be a common theme in ethylene biosynthesis as there is
also cross-talk between auxin and ethylene to regulate two
ACO genes in rice; OsACO3 is induced by ethylene, but not
in the presence of auxin and OsACO?2 is induced by auxin,
but to a reduced level in the presence of ethylene (Chae
et al., 2000).

The ethylene receptors are expressed throughout the
plant, but with variations in levels in different tissues
based on the analysis of Arabidopsis and tomato (Hua
etal., 1998; Lashbrook et al., 1998; Tieman and Klee, 1999).
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Three receptor genes in Arabidopsis (ERS1, ETR2 and ERS2)
are induced by ethylene (Hua er al., 1998). Because the
receptors are negative regulators of the pathway (Hua and
Meyerowitz, 1998), an increase in the number of receptors
could result in de-sensitization of the pathway. This mech-
anism of reducing ethylene sensitivity has been proposed to
limit the spread of necrosis following pathogen infection in
tomato (Ciardi et al., 2000). Ethylene-induced biosynthesis
of new receptors could also play another role in ethylene
signal transduction. Evidence indicates that the ethylene
receptors are capable of binding ethylene very tightly, the
apparent half-life for dissociation of ethylene from ETR1 is
at least 12-5 h (Schaller and Bleecker, 1995). However,
plants respond within minutes to a decrease in ethylene
levels (Abeles et al., 1992; Binder et al., 2004b), an obser-
vation difficult to account for if all receptors are still occu-
pied by ethylene. The production of new ‘empty’ receptors
may account for the re-sensitization of the plant to ethylene.
If ethylene levels have decreased, the newly synthesized
receptors will not bind ethylene and consequently, being
negative regulators, will suppress ethylene responses in
the plant.

There is also evidence that receptor levels can be reduced
at the transcriptional level in response to stimuli. The recep-
tor ETRI, on which ethylene has little stimulatory effect at
the transcriptional level, is apparently repressed by ethylene
in the apical hook of etiolated seedlings (Raz and Ecker,
1999). Recently transcription of ETRI has also been shown
to be repressed by salt and osmotic stress, suggesting
that abiotic stresses may not only alter the production of
ethylene as a stress signal, but may also alter expression
of components in the signalling pathway (Zhao and
Schaller, 2004).

There is little experimental data describing transcrip-
tional regulation of downstream components of the ethylene
response pathway. The Arabidopsis CTRI gene is not ethyl-
ene inducible (Kieber et al., 1993; Gao et al., 2003), which
is in contrast to a member of the tomato family, LeCTRI,
that is induced by ethylene in immature fruits and in leaves
(Adams-Phillips et al., 2004b). In addition, there is no evid-
ence for transcriptional regulation of EIN2 in Arabidopsis
and tomato (Klee, 2004), although in maize expression
of EIN2 is differentially regulated in embryos (Gallie and
Young, 2004). The EIN3/EIL transcription factors do not
appear to be primarily regulated by ethylene at the
transcriptional level (Chao et al., 1997; Tieman et al.,
2001; Lee and Kim, 2003; Rieu et al., 2003a), although
ethylene does have an effect on expression of EILI from
Arabidopsis (De Paepe et al., 2004). Instead, as discussed
below, most of the regulation within the EIN3/EIL gene
family appears to be through manipulation of protein
concentrations at the post-transcriptional level.

Post-transcriptional regulation

Ethylene signalling is highly regulated at the post-
transcriptional level via ubiquitin/26S proteasome-mediated
degradation. This mechanism is widely used in eukaryotes
to control the levels and thus the activity of key proteins.
Components of the ubiquitin/26S proteasome system are
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encoded by approximately 1500 genes in the Arabidopsis
genome, and control numerous aspects of the plant’s life
cycle, from growth and development to defence responses
(Sullivan et al., 2003; Vierstra, 2003). Degradation is
initiated by the covalent attachment of ubiquitin (Ub) moi-
eties to the targeted protein, as regulated by the actions of
Ub-conjugating and Ub-ligase enzymes. The 26S protea-
some then recognizes the polyubiquitinated protein and
degrades it.

Post-transcriptional regulation is involved in ethylene
biosynthesis where, after production, ACC synthase (ACS)
is rapidly degraded, thereby causing a decline in ACS
activity (Kim and Yang, 1992). Biochemical studies
revealed that this turnover is controlled by phosphorylation
of a component other than ACS (Felix et al., 1991; Spanu
et al., 1994). Recent genetic studies in Arabidopsis have
begun to shed light on how this process may occur. Several
ethylene-overproducing mutants (efol to 3) were identified
in Arabidopsis and shown to arise from a change in the
activity of ACS. For example, it was found that ACSS5
protein levels are negatively regulated by ETO1 (Woeste
et al., 1999; Chae et al., 2003), and this regulation may
occur via ubiquitin/26S proteasome degradation (Wang
et al., 2004). One model suggests that ETO1 promotes
ubiquitination, and thus turnover, of ACSS5 through inter-
action with both ACS5 and a scaffold protein of the
ubiquitin-conjugating complex (Wang et al., 2004). Phos-
phorylation has been implicated in targeting proteins for
ubiquitination in animal systems (Fuchs et al., 1998) and
it may thus be that phosphorylation plays a role in the
proteasome-mediated degradation of ACSS5.

ACC oxidase (ACO) levels may also be regulated by
proteasome-mediated degradation through the activity of
RUB (related to ubiquitin) and RCE (RUB-congugating
enzyme), which are involved in activating ubiquitin ligase
to promote ubiquitination (Larsen and Cancel, 2004).
Reduction in the mRNA levels of rcel (Larsen and Cancel,
2004) or rubl and rub2 (Bostick et al., 2004) results in
greatly increased levels of ethylene, and this increase
appears, at least in the case of rcel, to be a result of
increased ACO activity (Bostick et al., 2004). These results
suggest that some of the ACS and ACO family members
are post-transcriptionally regulated through proteasome-
mediated degradation.

The ethylene receptor ETR1 is post-transcriptionally
regulated, although it is not known by what mechanism.
Certain mutations in the ethylene-binding region of the
ETRI gene cause increases in receptor protein levels that
are not reflected by changes in mRNA levels (Zhao et al.,
2002). Similar results are obtained when the ethylene-
binding site is perturbed by silver ions suggesting that
the post-transcriptional regulation of ETRI1 is controlled
by ligand binding (Zhao et al., 2002). Ligand-mediated
turnover is a common mechanism for regulating receptor
levels in animals (Wiley, 1992), but further studies are
needed to fully clarify the details of post-transcriptional
ethylene receptor regulation in plants.

The clearest role for post-transcriptional regulation in the
pathway for ethylene signal transduction is in regulation
of the key transcription factor EIN3. In the absence of
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ethylene, EIN3 is continuously degraded through the
proteasome-mediated pathway, thereby preventing activa-
tion of its transcriptional targets. In the presence of ethylene,
degradation of EIN3 is suppressed, thereby allowing EIN3
protein levels to increase and thus promote the ethylene
response (Fig. 2) (Guo and Ecker, 2003; Potuschak et al.,
2003; Gagne et al., 2004). Degradation of EIN3 is regulated
by two ubiquitin-ligases, EBF1 and EBF2 (EIN3 binding F'
box), which promote the ubiquitination and turnover of
EIN3. Mutants in either EBF] or EBF2 result in increased
EIN3 accumulation. Accumulation is even greater in the
double ebf1 ebf2 mutant; this mutant exhibits a constitutive
ethylene response phenotype in air due to stabilization of
EIN3 (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne
et al., 2004). These proteins appear to work together to
control EIN3 levels; however they are differentially regu-
lated by ethylene so they may have subtly different roles
during the course of the ethylene response. EBF1 appears to
be involved in controlling EIN3 at low ethylene concentra-
tions, possibly to keep EIN3 levels reduced until a certain
ethylene threshold has been reached (Gagne et al., 2004).
EBF?2 is induced at higher ethylene levels (Alonso et al.,
2003a; Guo and Ecker, 2003; Potuschak et al., 2003; Gagne
et al., 2004), which may facilitate EIN3 degradation once
the signal is gone and so allow a rapid response to changing
ethylene concentrations.

Several models have been proposed for the mechanism
for ethylene-mediated stabilization of EIN3 (Guo and
Ecker, 2003; Kepinski and Leyser, 2003; Potuschak et al.,
2003; Gagne et al., 2004). Ethylene may affect EBF1 and
EBF2 stability, activity or location, which would in turn
affect EIN3 accumulation. Alternatively, ethylene may pro-
mote post-translational modification of EIN3, such as phos-
phorylation, which could then affect the ability of EBF1/
EBF?2 to interact with EIN3 and target it for degradation.
Regardless of the mechanism involved, these studies make
it clear that varying the protein levels of EIN3 serves as an
important means to control flux through the signalling path-
way. EIN3 is in essence a bottleneck in the pathway such
that slight changes in its protein level can have significant
effects upon signal output.

CROSS-TALK WITH OTHER SIGNALLING
PATHWAYS

Interactions among hormones and other physical-chemical
factors have been a topic in plant hormone biology for
decades. The identification of mutants that affect individual
signalling pathways now allows for a careful analysis of the
relative contribution of different signalling pathways to a
specific response. These genetic studies on interactions
between ethylene and other signalling molecules are pro-
viding a picture of the level of interplay among signalling
factors in determining plant growth and development. An
example of this type of study is the evaluation of interac-
tions between ethylene, ABA and sugar sensing (Gazzarrini
and McCourt, 2001). The global analyses of gene expres-
sion provides additional clues and implications on cross-talk
between signalling pathways (Schenk et al., 2000; Alonso
etal.,2003a; Zhong and Burns, 2003; De Paepe et al., 2004).
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An example of how multiple signals can be co-ordinated
to generate effects on plant growth is apparent in the forma-
tion of the apical hook in Arabidopsis seedlings, which is
proposed to occur through integration of ethylene, auxin and
light signalling (Li et al., 2004). The expression level of
HLSI, which encodes a putative N-acetyltransferase, is a
key component in the regulation of hook formation. Ethyl-
ene activates HLS] transcription and thus stimulates forma-
tion of the apical hook. Light causes a decrease in HLS/
transcription and thus stimulates opening of the apical hook.
The actual formation of the apical hook is apparently a
result of the asymmetric distribution of auxin within the
hook region. Differing auxin levels result in differing
amounts of cell elongation, which in turn results in bending
and hook formation. HLS1 controls the response to auxin
within the hook region by inhibiting the function of the
auxin response factor ARF2, a negative regulator of the
auxin response. Other proteins may function to integrate
signalling from different sets of regulators. For example,
DELLA proteins, which act as repressors of growth, are
thought to integrate the actions of ethylene, auxin and gib-
berellin in control of plant growth (Achard et al., 2003).

Some known components of the ethylene-signalling path-
way could be the sites by which other signalling pathways
interplay with ethylene. Gibson er al. (2001) isolated a
sugar-insensitive 1 (sisl) mutant of Arabidopsis, which is
insensitive to the inhibitory effects of high concentrations of
sucrose on seedling development. The SIS/ gene turns out to
be allelic to CTRI, a known component of the ethylene
signal transduction pathway (Gibson et al., 2001). Another
sugar response mutant glucose-insensitive 4 (gin4) is also
allelic to CTRI (Zhou et al., 1998). These genetic studies
demonstrate a clear role for the ethylene-signalling pathway
in the regulation of plant responses to sugars. From these
data alone, however, one cannot conclude that CTR1 is the
site at which sugars regulate the ethylene-signalling path-
way. Rather, the interpretation is that constitutive output
from the pathway results in insensitivity to both sucrose
and glucose.

The likely point at which sugars regulate output from the
ethylene-signalling pathway is at the transcription factor
EIN3, as revealed by a series of recent elegant studies.
Yanagisawa et al. (2003) discovered an antagonistic inter-
action between glucose and ethylene in regulation of sta-
bility of EIN3 protein levels. EIN3 protein is ubiquitinated
and targeted to proteasomes for degradation. Glucose
enhances the degradation of EIN3, while ethylene stabilizes
EIN3, a process involving regulation of two F-box proteins,
essential components of the ubiquitin proteasome system
(Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al.,
2004). The plant glucose sensor hexokinase mediates the
glucose effect. The glucose-induced degradation of EIN3
may potentially serve to promote growth by preventing
certain ethylene responses such as inhibition of cell elonga-
tion (Yanagisawa et al., 2003). Cross-talk between ethylene
and sugar takes place not via post-transcriptional regulation
of EIN3, but in all likelihood at transcriptional levels as
well. DNA microarray analysis demonstrated that several
ethylene biosynthetic and signal transduction genes are
repressed by glucose (Price et al., 2004).
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GLOBAL ANALYSIS OF PROCESSES
REGULATED BY ETHYLENE

This review has focused on the initial steps in ethylene
signal transduction, from perception of ethylene by the
receptors to regulation of key transcription factors such
as EIN3. What we think of in terms of ethylene responses,
however, are the result of co-ordinated increases and
decreases in expression of many genes and proteins, with
the relative levels of these genes and proteins further regu-
lated by inputs from other signalling pathways. The use of
microarrays now allows for global analysis of gene expres-
sion changes in response to ethylene and is critical to unrav-
elling the relationship between transcriptional regulation
and ethylene responses. By using this experimental
approach not only can we gain a broad understanding of
what genes and processes are regulated by ethylene but, by
use of ethylene pathway mutants, determine the relative
contributions of known components in the signal transduc-
tion pathway to transcriptional regulation. This thus seems a
fitting way to conclude this review, for these global
approaches will refine what we already know about ethylene
signal transduction as well as throw light upon darkened
corners of regulation about which we had little if no prior
knowledge.

In one of the earliest microarray studies, the effects of
ethylene, salicylic acid (SA) and methyl jasmonate (MJ)
were examined using a cDNA array of 2375 selected
genes (Schenk ez al., 2000). A fairly high level of coordina-
tion was observed among these signals known to be
involved in plant defences, with 50 % of the genes induced
by ethylene also induced by MJ. Recently, several groups
have performed analyses using arrays representing a greater
number of genes (Alonso et al., 2003a; Zhong and Burns,
2003; De Paepe et al., 2004). Alonso et al. (2003) used
Affymetrix gene expression arrays to examine the RNA
levels of more than 22 000 genes in response to exogenous
ethylene treatment in Arabidopsis. They identified 628
genes whose levels of expression were significantly altered
by ethylene treatment; 244 genes were induced and 384
genes were repressed by hormone treatment. Zhong and
Burns (2003) examined ethylene-regulated gene expression
in Arabidopsis with an expressed sequence tag-based
microarray containing about 6000 unique genes and
identified about 7 % of the investigated genes as ethylene-
regulated. De Paepe et al. (2004) used cDNA-microarray
technology as well as cDNA-amplified fragment length
polymorphism (AFLP) to show significant differences in
gene expression among wildtype plants, the constitutive
ethylene-response mutant ctr/-1 and the ethylene-insensitive
mutant ein2-1. Cluster analysis indicates that ethylene
affects transcription of genes involved in many biological
processes, from metabolism to signal transduction, and
including, for example, protein degradation mediated by
the ubiquitin-proteasome system as well as by proteases,
the transport of water, peptides and ions, cell wall metabol-
ism and lipid metabolism.

Expression studies are expected to clarify which genes
are involved in well-known processes mediated by ethylene,
including the triple response in seedlings, fruit ripening,
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senescence, abscission and responses to pathogens. It is
also likely to enrich our understanding of other physiolo-
gical processes regulated by ethylene that we are only
beginning to be understood. One such example is the
role of ethylene in plant reproductive development. Ethyl-
ene regulates the transition from vegetative growth to
flowering (Ogawara et al., 2003), sex determination (Yama-
saki et al., 2000), ovary and ovule development (De
Martinis and Mariani, 1999), pollination (Zhang and
O’Neill, 1993), anther development and dehiscence (Rieu
et al., 2003b), as well as senescence and abscission of floral
organs (O’Neill, 1997). Interestingly, although the RNA
levels of the five receptor genes in Arabidopsis are generally
low and ubiquitous, higher expression occurs at the repro-
ductive organs and tissues such as young floral primordia,
floral organ primordia, the locules of the anthers, the devel-
oping carpels, the funiculi and the ovules (Hua e? al., 1998).
If there are increased levels of the receptors in reproductive
organs compared to vegetative tissues, there may as a con-
sequence be differences in ethylene sensitivity and signal
transduction. It may also be that high expression of the
receptors in these tissues assists in functions independent
of their role in ethylene perception, one possibility being as
a scaffold for other proteins required during development.

From the initial perception of ethylene by a five-member
family of receptors (the transduction of this signal being
along a pathway conserved in all plant species examined), a
truly diverse set of genes are induced, these being finely
tuned to mediate responses particular to the cell, the tissue,
the developmental state and the environmental condition in
which the plant is growing. To date, much of the global
analysis of gene expression has analysed changes in gene
expression at the whole-plant level, an approach that will
essentially average out the changes across multiple tissues
and cell types, thereby yielding a picture of what changes in
gene expression are common throughout the plant. Such a
whole-plant approach has yielded essential information
about ethylene signal transduction and the control of
gene expression and is certainly not completed even at
this point. For example, the timing and duration of ethylene
treatment upon gene expression need to be examined in
more detail at the whole-plant and tissue level. It is
clear, however, given the complexity of ethylene’s involve-
ment in such processes as reproductive development, that a
complete understanding of ethylene’s role in plant growth
and development will also require more focused approaches
capable of resolving changes in gene expression occurring
within individual cell types. The recent profiling of patterns
of gene expression in different root cell types points to
the direction such studies are likely to take in the future
(Birnbaum et al., 2003).
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