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ABSTRACT

The plant hormone ethylene plays a pivotal role in

steering various processes by regulating the bio-

synthesis, distribution, or signal transduction of

other hormones. Ethylene also mediates the effects

of other hormones. Similarly, hormones control the

ethylene synthesis and signalling pathway. Even-

tually, integration of this network of signals leads to

an appropriate morphological or biochemical re-

sponse. Consequently, this cross-talk results in the

characteristic plasticity associated with plant devel-

opment. Here, the interplay of ethylene with other

hormones is described for germination and seedling

growth, stomatal control, and tissue elongation. The

mechanisms by which this occurs are discussed in

more detail.
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INTRODUCTION

Plant development is highly dependent on internal

signals coming from hormones. Hormonal interac-

tions—collectively integrated with environmental

signals—result in phenotypic alterations. Growth

and differentiation is a function of multiple signal-

ing pathways, not only involving numerous growth

factors but also governed by external factors. For

example, the phenotypic plasticity that occurs dur-

ing the shade avoidance response is derived from

the integration of various hormonal pathways with

photomorphogenic and circadian regulatory sys-

tems (Vandenbussche and others 2005). In patho-

genesis and stress responses, ethylene interacts with

jasmonate and salicylic acid, eventually providing

the plant with suitable protection (Brodersen and

others 2006). In addition, the interplay between

ethylene and other hormones occurs at different

developmental stages, often in specific tissue and

cell types (Vandenbussche and Van Der Straeten

2004). Here we focus on interactions of ethylene

with compounds that are determinants for plant

growth: auxins, cytokinins, gibberellins (GA), bras-

sinosteroids (BR), abscisic acid (ABA), and glucose.

A prerequisite for signal interactions is a sharing of

components between two pathways. This connection

can be at the basis (hormone production is turned on
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by another hormone), in the middle (common use of

a signaling intermediate), at the end of the pathways

(a common target gene or a cooperative activation of

a subcellular process), or a combination thereof.

Integrators, components functioning in multiple

pathways, often are associated with pleiotropic

mutations. Probably the best example is the BIG gene.

BIG encodes a protein of over 5000 amino acids,

containing several putative Zn finger domains, with

significant homology to the Drosophila protein Cal-

ossin/Pushover, also present in Caenorhabditis and

humans. A mutation in this gene was first isolated as

tir3-1 in a screen for resistance to an auxin transport

inhibitor and proven to be required for normal auxin

efflux (Gil and others 2001). In addition, the gene

was also retrieved as asa1 (altered shade avoidance)

and as umb1 (umbrella), which has altered cytokinin

sensitivity (Kanyuka and others 2003). All alleles

have defects in ethylene and GA responses and are

affected in auxin, abscisic acid, and brassinolide re-

sponses as well. The analysis of big mutants thus

indicates that a single gene with functions through-

out development can be subject to regulation by

different hormonal pathways. Numerous develop-

mental processes are subject to coordination by var-

ious plant hormones. Yet, the majority of hormonal

interactions do not go beyond three different hor-

monal inputs on a single mechanism. This article

provides an overview of a number of developmental

and growth responses in which ethylene signaling

has been shown to function in concert with other

pathways, and it explores the mechanisms by which

ethylene-based hormonal interactions occur or may

occur.

REGULATION OF GERMINATION

Many plant hormones have been shown to regulate

germination. Among those, GAs are long known as

potent stimulators of germination. Central players

are the GA biosynthesis genes GA3ox1 and GA3ox2

(Mitchum and others 2006), GA2ox2, which is in-

volved in GA breakdown (Yamauchi and others

2004), and the signaling protein RGL2 (Cao and

others 2005). rgl2 knockout mutants can germinate

in the absence of gibberellins, indicating a role for the

RGL2 DELLA protein as a suppressor of germination

(Lee and others 2002; Tyler and others 2004). Besides

the prominent role for GAs as stimulators for germi-

nation, BRs also stimulate germination and rescue

GA-deficient mutants (Steber and McCourt 2001).

In many species ABA counteracts the gibberellin

effect and enhances dormancy. Interestingly, eth-

ylene-insensitive mutants are hypersensitive to

ABA and the constitutive triple-response mutant

ctr1-1 is ABA insensitive (Beaudoin and others 2000;

Ghassemian and others 2000), supporting an

antagonistic relationship between both hormones in

this phenotypic response. It appears that ethylene

acts through the regulation of ABA biosynthesis,

conjugation, and signaling for stimulating germi-

nation. Seeds of the ethylene-insensitive mutant

etr1-2 contain more ABA and less inactive ABA

conjugates than those of the wild type (Chiwocha

and others 2005). In particular, the accumulation of

ABA glucose ester upon germination was less pro-

nounced in the etr1-2 mutant compared with that of

the wild type, indicating a role for ethylene in

stimulating germination by inactivating ABA. Like

ABA, glucose itself is, at low concentrations, also an

inhibitor of germination (Dekkers and others 2004).

Interestingly, ethylene-insensitive mutants are

hypersensitive to high concentrations of exoge-

nously applied glucose, whereas ethylene-overpro-

ducing and constitutive ethylene-signaling mutants

are glucose insensitive (Cheng and others 2002;

Zhou and others 1998). The counteracting signals of

ethylene and glucose meet at EIN3, an ethylene-

signaling component that is degraded through the

26S proteasome machinery in the presence of high

glucose concentrations and, conversely, stabilized

by ethylene (Yanagisawa and others 2003). Exactly

how the ethylene effects on ABA metabolism and

sugar signaling are connected remains to be dem-

onstrated. In any case, the control point is probably

not the GIN1/ABA2/SDR1 ABA biosynthesis gene

because an ethylene-related phenotype was found

only in gin4 mutants (allelic to ctr1) and not in other

gin mutants (including gin1) (Cheng and others

2002). A model of ethylene interactions with other

pathways upon germination is shown in Figure 1.

Control of the Pores

Vital processes such as carbon fixation and transpi-

ration are dependent on the opening and closure of

stomata. Several plant hormones regulate the for-

mation and the opening of stomata (Chaerle and

others 2005). In Arabidopsis, GA is a prime deter-

minant of stomatal development on the hypocotyl.

Chemical blocking of GA biosynthesis severely

diminishes and addition of exogenous GA increases

the number of stomata. Combined with exogenous

ACC or auxin, an enhancement of stomatal number

is observed (Saibo and others 2003).

The effect of ethylene on stomatal closure is

dependent on the species and on the growth condi-

tions (Madhavan and others 1983; Merritt and others

2001). Ethylene induces stomatal closure via
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hydrogen peroxide synthesis in Arabidopsis (Desikan

and others 2006). However, in combination with

ABA, the ethylene precursor ACC inhibits ABA-in-

duced stomatal closure. The ABA effect on closure

cannot be reverted by ACC in ethylene-insensitive

mutants or tissues treated with the ethylene action

inhibitor 1-MCP (Tanaka and others 2005). This

indicates that ethylene counteracts ABA-induced

stomatal closure. Moreover, ethylene also mediates

the reduction of ABA-induced stomatal closure that

is regulated by auxins and cytokinins. These hor-

mones therefore are thought to exert their effect by

increasing ethylene production (Tanaka and others

2006).

ELONGATION PROCESSES

Hypocotyl and Stem Elongation

Ethylene is well known for its effects on Arabidopsis

hypocotyl elongation. Contrasting effects have been

noted in the presence and absence of light. In

darkness, ethylene inhibits extension growth

(Bleecker and others 1988; Knight and others

1910). This effect also occurs when auxins or cyt-

okinins are added exogenously, both of which

stimulate ethylene biosynthesis (see below). In the

light, the hypocotyl is short and ethylene does not

inhibit but rather stimulates elongation growth

(Smalle and Van Der Straeten 1997). This ethylene-

stimulated hypocotyl extension needs auxin, gib-

berellin, and brassinosteroid signals (De Grauwe

and others 2005; Saibo and others 2003; Vanden-

bussche and others 2003). Other studies have ex-

tended the role of ethylene in stem elongation. In

wheat, internode elongation was shown to be

stimulated by ethylene (Suge and others 1997). In a

shaded environment, stems of ethylene-insensitive

tobacco plants show a severely reduced stem elon-

gation, supporting the notion that ethylene can

serve as a signal for extension growth in those

conditions (Pierik and others 2004; Vandenbussche

and others 2005). However, the most conspicuous

examples of ethylene stimulating growth were

found in semiaquatic rice and Rumex species (Jack-

son and Ram 2003; Voesenek and others 2003;

Vriezen and others 2003). In all cases, the ethylene

response is dependent on a gibberellin signal

(Kende and others 1998; Pierik and others 2004).

Root Elongation

In general, ethylene has a negative effect on the

elongation growth of roots (Le and others 2001;

Rauser and Horton 1975; Smalle and Van Der

Straeten 1997). Low concentrations of exogenous

auxins enhance root elongation (Evans and others

1994). Both ethylene and auxin act at least partly

through modulation of the stability of DELLA pro-

teins. Auxin appears to decrease the stability of the

RGA DELLA-GFP fusion protein, whereas ethylene

stabilizes this protein (Achard and others 2003; Fu

and Harberd 2003; Vriezen and others 2004).

Drought stress is known to stimulate root growth,

including lateral root formation in Arabidopsis

(Xiong and others 2006). In drought-stressed maize

plants, reducing ABA biosynthesis causes an in-

crease in ethylene production (Sharp and LeNoble

2002; Spollen and others 2000). This implies that

the higher ABA levels found in water-stressed

plants are necessary to prevent excess ethylene

production and thus maintain sufficient root growth

(Sharp and LeNoble 2002). The molecular mecha-

nism of this regulation of ethylene biosynthesis by

ABA remains unknown. Contrasting with the situ-

ation in drought-stressed maize, auxin enhances

ethylene production, which induces ABA accumu-

lation and consequently results in inhibition of

shoot growth of cleavers (Galium asparine) (Hansen

and Grossmann 2000).

Additional Root Hairs

Root hair development is regulated by ethylene

signaling (Dolan and Roberts 1995). Plants treated

with the ethylene precursor ACC have ectopic root

Figure 1. Model of interactions of ethylene with other

endogenous plant compounds controlling germination.

Gibberellins (GA) are known to stimulate germination by

degradation of DELLA proteins, RGL2 being the most

important one in this process. GA counteracts the effect of

ABA, a promoter of dormancy. The ABA effect is over-

come by ethylene, which enhances the sequestration of

ABA in an inactive glucosyl ester. The ethylene and glu-

cose pathways compete by respectively stabilizing/desta-

bilizing EIN3, which is necessary for the promotion of

seed germination in the presence of sugar.
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hairs that develop on atrichoblasts. Auxins also

have a positive effect on root hair growth. Root

hairs of the auxin response mutants aux1 have mild

defects in elongation, those of axr1 have severe

defects in elongation, whereas roots are absent in

axr2 and axr3 (Lincoln and others 1990; Wilson and

others 1990; Leyser and others 1996; Pitts and

others 1998). Ethylene interacts with auxin to

stimulate root hair formation (Pitts and others

1998). Defects in ethylene signaling confer reduced

sensitivity to auxin-driven root hair initiation and

elongation (Rahman and others 2002). More de-

tailed studies revealed that ethylene promotes

auxin-induced microtubule randomization in

trichoblasts (Takahashi and others 2003).

Recently it has been demonstrated that methyl

jasmonate stimulates the initiation of root hair

outgrowth of trichoblast cells (Zhu and others

2006). This process is inhibited in the absence of an

ethylene response. Hence, ethylene does not only

play a role in generating ectopic root hairs on atri-

choblast cells, but it is also required for normal root

hair growth on trichoblasts. On the other hand, JA

biosynthesis blockers diminish the ethylene re-

sponse, which illustrates an interdependence of JA

and ethylene effect on root hair development (Zhu

and others 2006).

Differential Growth: Apical Hooks, Tropisms
and Nastic Growth Responses

From the very beginning of its discovery as a plant

growth factor, ethylene was shown to be involved

in differential growth in plants. Ethylene induces

bending of dark-grown pea stems toward the hori-

zontal (Neljubow 1901). Almost a century later a

similar phenotype was found in Arabidopsis as part

of the triple response, consisting of exaggeration of

the apical hook (Bleecker and others 1988). Ethyl-

ene is thought to be responsible for the establish-

ment of a differential auxin signal across the apical

hook, a process in which the HLS1 gene plays a

central role (Lehman and others 1996). In addition,

the auxin efflux regulator PIN3 and a pathway

involving the auxin response factor NPH4/ARF7 are

associated with ethylene-controlled apical hook

maintenance (Friml and others 2002; Harper and

others 2000). Ethylene may indeed be acting

through PIN1/PIN3 or PIN1/PIN3-controlled events

because pin3 loss-of-function mutants and PIN1

overexpressors show a reduced ethylene sensitivity

(De Grauwe and others 2005). On the other hand,

the partial hookless phenotype of nph4 mutants can

be reverted by application of exogenous ethylene

(Harper and others 2000). GAs are also implicated in

apical hook development. GA biosynthesis mutants

lack an apical hook (Achard and others 2003;

Vriezen and others 2004). Ethylene appears to sta-

bilize negative regulators of GA signaling, thus

revealing a complex interaction that results in hook

formation (Vriezen and others 2004). Finally, BRs

are also necessary for correct hook maintenance.

Therefore, disruption of BR biosynthesis or exoge-

nous application of BR can lead to attenuation of

ethylene-stimulated differential growth in the hook

region (De Grauwe and others 2005). An overview

of these interactions is given in Figure 2.

The intimate interaction between ethylene and

auxin in differential growth is also apparent from

phototropism and gravitropism. Similar to apical

hook formation, phototropism is mainly dependent

on an auxin gradient and PIN3 (Esmon and others

2006; Friml and others 2002) and on the function of

the auxin response factor NPH4/ARF7 (Stowe-Evans

and others 1998). Furthermore, nph4 mutants are

suppressed in their phototropic defect by application

of ethylene (Harper and others 2000). An analogous

rescue of hypocotyl gravitropism by ethylene in nph4

mutants was also observed (Harper and others 2000).

The suppression mechanism remains unknown to

date, but redundancy of NPH4/ARF7 with other

ARFs, induced by ethylene, is a possibility. Indeed,

there are indications that an increased copy number

of the closest ARF7 homolog, the ethylene inducible

ARF19, can rescue phototropism in nph4/arf7 mu-

tants (Li and others 2006).

Figure 2. Hormonal interactions during regulation of

differential growth as seen in the apical hook. Ethylene

plays a central role, determining the differential auxin

signal, which leads to unequal growth on both sides, and

affecting general elongation regulating GA and BR signals.

Of major importance for this auxin-regulated differential

growth are the PIN1 and PIN3 auxin efflux regulators and

the auxin response factor ARF7. Ethylene inhibits GA

signaling by stabilizing DELLA proteins, which are

inhibitors of elongation, but needs BRs for exaggeration of

the apical hook. All of these interactions lead to a bal-

anced response visible as differential growth. IAA: auxin;

GA: gibberellin; BR: brassinosteroid.
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Gravitropic bending in roots is yet another

example of differential growth that is mainly

controlled by auxins. The auxin import carrier

AUX1 (Abas and others 2006; Friml and others

2002; Swarup and others 2005), possibly also

AUX1-like proteins LAX1-4 (Swarup and Bennett

2003), and auxin efflux regulators (PIN proteins)

are necessary for this process. Interestingly, the

eir1 mutant, which was isolated based on its eth-

ylene-insensitive root phenotype, proved to be an

allele of PIN2, a major auxin transport regulator

(Abas and others 2006; Luschnig and others

1998). At this point, a role for ethylene in directly

controlling PIN2 gene expression or PIN2 stability

is lacking. Yet, evidence for a regulatory role of

ethylene in gravitropism is accumulating. ACC

treatment reduces gravitropic response in the wild

type, whereas ethylene-insensitive mutants do not

show this response, suggesting a positive role for

ethylene signaling in gravitropic bending (Buer

and others 2006). Interestingly, mutants in flavo-

noid biosynthesis do not show this ethylene re-

sponse, even though they exhibit a wild-type

sensitivity to root growth inhibition by ACC.

Moreover, in wild type grown in the presence of

ACC, instead of a transient flavonoid induction

observed upon gravistimulation of untreated

seedlings, a delayed but sustained flavonoid

accumulation is visible in root tips. Flavonoids are

inhibitors of auxin transport and might therefore

act as a control point for ethylene in modulating

the gravitropic response (Buer and others 2006).

Sex Determination and Fertility: The Longer,
the Better

Male fertility in Arabidopsis is dependent on several

hormones, including gibberellins, brassinosteroids,

and ethylene. The GA signal is necessary for pro-

duction of viable pollen grains (Huang and others

2003). In GA-related dwarf mutants, male sterility is

also caused by an impaired outgrowth of stamens.

Short stamens limit the chances of proper fertiliza-

tion on the stigma. ga1 mutants are male-sterile

dwarfs (Koornneef and Van Der Veen 1980; Sun

and Kamiya 1994) and can be rescued by mutations

in DELLA growth repressor proteins (Tyler and

others 2004). Likewise, the loss of fertility of the

brassinosteroid biosynthesis mutant dwf4 was

attributed to the reduced length of the stamen fil-

aments relative to the gynoecium, which resulted in

mature pollen deposition mainly on the ovary wall

rather than on the stigmatic surface, causing small

siliques or the absence thereof (Azpiroz and others

1998). Plants with constitutive ethylene signaling

also have severe defects in anther elongation due to

early growth arrest, which leads to low fertility (Hall

and Bleecker 2003; Kieber and others 1993). It is

not known whether the ethylene effect depends on

brassinosteroids or gibberellins.

In cucumber, the hormonal effect on floral organ

growth is even more pronounced. Male or female

flowers develop due to an arrest of pistil or stamen

primordial, respectively. Plant hormones have a

dramatic effect on this sex determination. Ethylene

stimulates the formation of female flowers in gy-

noecious and monoecious cucumber (Yamasaki and

others 2003). Auxin has a similar effect, which was

suggested to be ethylene-mediated (Shannon and

de la Guardia 1969). GA has the opposite effect and

stimulates male flower formation (Halevy and

Rudich 1967). Similar effects were found in Can-

nabis sativa (Zeevaart 1978). Aspects of stamen

growth have not been analyzed in depth at the

molecular level, and future research will reveal if

there are any parallels with the hormonal interac-

Table 1. F-box Proteins involved in Hormone Signaling Pathways

Hormone signaling F-box protein aka Reference

Auxin TIR1 Kepinski and Leyser 2005

Dharmasiri and others 2005a

AFB1 Dharmasiri and others 2005b

AFB2 Dharmasiri and others 2005b

AFB3 Dharmasiri and others 2005b

AFB5 Walsh and others 2006

Jasmonate COI1 Xu and others 2002

Ethylene EBF1 Guo and Ecker 2003; Potushak and others 2003; Gagne and others 2004

EBF2 Guo and Ecker 2003; Potushak and others 2003; Gagne and others 2004

Gibberellin SLY1 GAR2 McGinnis and others 2003; Dill and others 2004

SNE Strader and others 2004
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tions occurring at different stages of development,

in different elongating organs.

MECHANISMS FOR INTERHORMONAL

CONNECTIONS WITH THE ETHYLENE

PATHWAY

Regulation of Ethylene Production by Other
Hormones

In many of the physiologic effects presented above,

the cross-talk of hormone pathways is based on one

hormone affecting biosynthesis of the other. This can

either be the influence of ethylene on another

pathway or that of another hormone on the ethylene

pathway. Profound studies were performed on reg-

ulation of ethylene production by other hormones

(most often exogenously applied) (Burg and Burg

1966; Abeles and others 1992; Joo and others 2006;

Vogel and others 1998a, b). Increased ethylene

production can be caused by regulation of transcript

or protein levels of ethylene biosynthesis genes.

Auxin is known to be a strong stimulator of

ethylene production. In all cases studied this is due

to an ACC synthase transcript accumulation (Wol-

tering and others 2005; Yoon and others 1999).

Except for ACS1, 7, and 9, all other functional ACC

synthases (that is, 7 of 10) of Arabidopsis are induced

by auxin at the transcript level (Yamagami and

others 2003). Auxin induction of ACC oxidase

transcripts is usually considered a secondary effect

of auxin-stimulated ethylene production resulting

from an increase in ACC synthase (Peck and Kende

1995). Hence, ACC oxidase is induced by ethylene

in an autostimulatory way.

Cytokinin can induce the typical ethylene-related

triple response in dark-grown Arabidopsis seedlings.

Measurement of ethylene emanation indicated an

elevated ethylene production in cytokinin-treated

seedlings (Vogel and others 1998a, b). This charac-

teristic was used by Vogel and others (1998b) to

isolate cytokinin-insensitive (cin) mutants. The cin5

mutant was found to be allelic to ethylene over-

producer 2 (eto2), which encodes ACC synthase 5.

The analysis of ACS5 protein extracted from seed-

lings grown in the presence of cytokinin revealed a

stabilization of this ACC synthase compared to

nontreated plants (Chae and others 2003). Brassi-

nosteroids were shown to elevate ethylene pro-

duction in mung bean stem segments (Arteca and

others 1983). Brassinosteroids induce ACS4 gene

expression in Arabidopsis (Joo and others 2006).

However, since axr1-3 and axr2-1 mutants lack this

induction and given that ACS4 is inducible by IAA,

auxin may be a prerequisite for the response that

can be enhanced by BR (Joo and others 2006).

Finally, there is a report on GA-mediated reduc-

tion of the level of an ACC oxidase mRNA and

activity in Azuki bean, but a consequent reduction

in ethylene production was not observed (Kaneta

and others 1997).

Effect of Ethylene on the Biosynthesis of
Other Hormones

Although the effects of other hormones on the

synthesis of ethylene are documented more than

the reverse, some examples of ethylene influencing

biosynthesis of other hormones exist. Analysis of

the weakly ethylene insensitive wei2 and wei7 mu-

tants added a further level of complexity to the

ethylene-auxin interaction (Stepanova and others

2005). The mutants wei2 and wei7 have a root

elongation phenotype. The WEI2 and WEI7 genes

encode anthranylate synthase a and b, respectively.

These genes are involved in tryptophan biosynthe-

sis, a major route toward auxin synthesis. Both

genes are induced by ethylene treatment.

Furthermore, etr1 and ein2 mutants produce less

ABA and have a lower expression of zeaxanthin

epoxidase, the first committed enzyme in ABA

biosynthesis (Ghassemian 2000; Hansen and

Grossmann 2000; Cheng and others 2002).

MECHANISMS BASED ON SIGNALING

EFFECTS

Competition for the Protein Degradation
Machinery?

Over the last few years, the protein degradation

machinery has proven to be essential for almost all

plant hormone responses (Vandenbussche and Van

Der Straeten 2004). Selective protein degradation

occurs via labeling of target proteins by ubiquitins.

Ubiquitins are linked to the target protein through

the sequential activity of E1 (ubiquitin activating

enzyme), E2 (ubiquitin conjugating enzyme), and

E3 (ubiquitin ligase) enzymes. Several types of E3

ligases exist: HECT (homology to E6AP C-terminus),

SCF (composed of SKP1, Cullin, and F-box pro-

teins), RING (real interesting new gene), and APC

(anaphase promoting complex) protein complexes.

SCF E3s are involved in a number of hormonal

signaling cascades. Their specificity is thought to be

determined mainly by the F-box component, of

which there are 694 in Arabidopsis (Lechner and

others 2006; Vierstra 2003).
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Various E3 complexes, relying on a plethora of F-

box proteins, determine the specificity of ubiquitin-

mediated degradation of factors involved in differ-

ent hormonal pathways. F-box proteins specific to

gibberellin, jasmonate, auxin, and ethylene signal-

ing exist, each with their specific targets (Table 1).

Currently, a common regulatory mechanism at

the E3 level has been suggested only for auxin and

jasmonate signaling (Tiryaki and Staswick 2002).

Some of the jasmonate mutant phenotypes overlap

with those of auxin mutants (that is, apical domi-

nance, inhibition of root elongation). The SGT1b

and AXR1 proteins control both auxin and jasmo-

nate responses by regulating the activity of the E3

complexes (through rubylation of CULLIN1)

(Lorenzo and others 2005; Xu and others 2002).

Moreover, the auxin-binding F-box proteins (AFBs)

and COI1 share high homology. Homologous F-box

proteins likely use similar SCF components and

interfere with each other�s pathways. An example of

homologous F-box proteins that influence each

other�s function is seen in GA signaling, where

SLEEPY (SLY1) is the F-box protein that directs

DELLA proteins for degradation. Overexpression of

the SLY1 homolog, SNEEZY (SNE), can suppress the

sly1 mutant phenotype and thus interfere with GA

signaling (Strader and others 2004). Analogously,

the homologous F-box proteins TIR1 (or other

AFBs) and COI could compete for auxin signaling

components. The EBF1 and EBF2 proteins seem to

be very specific for ethylene signaling, and thus far

no other F-box protein has been shown to be in-

volved in regulating ethylene effects (Gagne and

others 2004; Guo and Ecker 2003; Potushak and

others 2003). The target protein of the EBFs is EIN3,

which is stabilized by ethylene treatment. Interest-

ingly, degradation of EIN3 is accelerated by glucose

(Yanagisawa and others 2003). However, it is not

yet known whether glucose signaling influences the

EBFs directly or affects another upstream compo-

nent of ethylene signaling.

Effects on TranscriptR

A lack of common early targets at the transcriptional

level suggests the absence of a common regulatory

mechanism for elongation growth by plant hor-

mone action (Nemhauser and others 2006). How-

ever, pairwise comparison shows common

regulation of ACC (ethylene), GA, BR, auxin, and

MeJA target genes. Regulation of different members

of a gene family by individual hormones may exist,

eventually influencing the same or similar pro-

cesses. For instance, this is the case for the ACC

synthase gene family of Arabidopsis, members of

which are regulated by auxin, BR, cytokinins, or

ethylene itself (Chae and others 2003; Joo and

others 2006; Thain and others 2004; Yamagami and

others 2003).

Recently, the EIN5 gene was cloned and shown to

be an allele of the 5¢-3¢ exoribonuclease XRN4

(Olmedo and others 2006). This enzyme functions

in eliminating cleavage products derived from mi-

RNA-mediated degradation of genes such as the

auxin response factors ARF10 and ARF17 (Mallory

and others 2005; Olmedo and others 2006). This

suggests potential ethylene interference in other

hormonal pathways, for example, auxin signaling,

through regulation of RNA stability.

CONCLUDING REMARKS AND PERSPECTIVES

The ethylene pathway interacts with many other

hormonal pathways, eventually codetermining the

plant phenotype. The ethylene-auxin interaction is

particularly complex, with reciprocal regulation

between these hormones at several biochemical

levels. Future molecular research on processes that

have been very well described in physiologic terms

can add great value to our understanding of flower

development and the regulation of stomata. Those

studies will determine whether similar molecular

mechanisms in hormone cross-talk act throughout

the lifecycle of a plant and among species.
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