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The hormone ethylene, the simplest alkene (C2H4), plays numerous roles in 
the development and environmental responses of the plant. Seed 
germination, seedling growth, organ development and senescence, leaf and 
petal abscission, fruit ripening, stress and pathogen responses are among the 
many processes governed at least in part by ethylene [1,2]. The easy-to-score 
“triple response” phenotype of dark-grown Arabidopsis seedlings exposed to 
ethylene gas has enabled the identification of ethylene-insensitive and 
ethylene-constitutive-response mutants [3]. Subsequent cloning and 
characterization of these mutants has led to the generation of a primarily 
linear model of ethylene signal transduction that starts with hormone 
perception and ends in transcriptional regulation [4]. Recent discoveries, 
however, suggest existence of a much more complex pathway with both 
positive and negative regulatory feedback loops. This review focuses on the 
most relevant discoveries in the ethylene field of the past three years, with a 
special emphasis made on the studies that impacted the mechanistic 
understanding of how plants fine-tune the activity of the ethylene signaling 
cascade. The current model of ethylene signaling is shown in Figure 1. 
Intertwined with the linear pathway, by which the ethylene receptor-triggered 
signal is transduced via CTR1 and EIN2 to the nuclear-localized EIN3/EILs 
transcriptional regulators, are several regulatory modules: RTE1, EBFs and 
ETPs. Upon ethylene binding, the receptors transmit the signal to the CTR1 
protein kinase inhibiting its ability to phosphorylate EIN2 and causing the C-
terminal end of EIN2 to translocate to the nucleus, where the EIN2 C-end 
leads to the stabilization of EIN3/EILs and the initiation of transcriptional 
responses to ethylene.    
 
 
The ethylene-signaling pathway 
 The ethylene-signaling cascade starts with ethylene binding to its 
receptors. In all plants examined to date, including monocots, dicots and 
mosses, the ethylene receptors exist as a multimember family that in 
Arabidopsis is composed of ETR1, ERS1, ETR2, ERS2, and EIN4. These 
receptors work as negative regulators of the pathway, actively repressing the 
ethylene response in the absence of the hormone [5]. Although the receptors 
are largely redundant in the control of ethylene responses, some functional 
specificity among their different isoforms has recently been uncovered (shown 
in Table 1). 
 The receptors predominantly reside in the ER membrane, which is not 
a typical site for receptor-ligand binding. However, given that the ethylene gas 
can diffuse freely both in aqueous and lipid environments of the cell, this 
localization of the receptors might facilitate interactions with other cellular 
components and/or enable signal integration with other pathways [6].  
 Based on the phylogenetic analysis and shared structural features, the 
receptors have been divided into two subfamilies [reviewed in 3,7,8], but all of 
the ethylene receptors share a modular structure composed of an N-terminal 



transmembrane domain responsible for ethylene binding, a GAF domain 
involved in protein-protein interactions between different receptor types, and a 
C-terminal domain required for the interaction with the downstream 
components of the pathway. Although the receptor C-termini show structural 
similarity to bacterial two-component histidine kinases, the autokinase activity 
of the receptors seems to play only a minor role in the ethylene response 
[reviewed in 6]. While a recent Arabidopsis study by Hall et al. suggested that 
the binding of ethylene to the receptors stimulates their autophosphorylation 
[9*], Kamiyoshihara et al. reported reduced receptor phosphorylation upon 
ethylene treatment in tomato [10*].  The latter study is in agreement with an 
older biochemical analysis of the Arabidopsis ETR1 that demonstrated that 
the binding of ethylene inhibits the receptor phosphorylation activity in vitro 
[11]. Thus, the relationship between ethylene binding and kinase activity 
remains currently unresolved. Interestingly, the kinase activity of ETR1 affects 
the interaction between ETR1 and EIN2 [12*], supporting a fine-tuning role of 
the receptor kinase domain.  
 The basic functional unit of the ethylene receptor is a homodimer 
capable of binding ethylene, although heterodimers can also form, at least in 
a yeast heterologous system [13]. Higher order associations can occur among 
homodimers interacting through the GAF domains, giving rise to clusters of 
receptors in the membrane. This allows for a differential composition of the 
ethylene receptor complexes in different plant tissues, with potential functional 
implications on the efficiency of hormone perception. This could explain the 
broad range of ethylene sensitivity (0.2nL/L to 1000μL/L) found in plants, 
signal attenuation and output, as well as the dominant nature of ethylene-
insensitive receptor mutants [13, 14,15*].  
 Copper, supplied by the intracellular copper transporter RAN1, is 
required both for ethylene binding and for the receptor functionality [16]. 
Plants carrying loss-of-function (LOF) mutations in ran1 lack ethylene-binding 
activity and display phenotypes similar to that of the LOF receptor mutants 
[17, 18]. Furthermore, weak alleles of ran1 treated with copper chelators show 
phenotypes similar to that of ethylene-treated wild-type plants [17] and the 
addition of copper ions to these plants partially suppresses the ran1 
phenotype [16]. These results suggest that RAN1 plays an essential role in 
the biogenesis of ethylene receptors.  
 RTE1 is a negative regulator of ethylene responses [19] that co-
localizes with the receptors at the ER and is also detected in the membrane of 
the Golgi apparatus [20]. RTE1 functions by specifically activating ETR1 by 
promoting its transition from the inactive (in the presence of ethylene) to the 
active (in the absence of ethylene) signaling state [21]. In tomato, the two 
different RTE1-like genes influence distinct but overlapping ethylene 
responses, suggesting the possibility of sub-functionalization [22*]. 
 Although the exact output of the receptors is still obscure, genetic 
studies demonstrate that in the absence of ethylene the receptors activate 
CTR1, a negative regulator of the pathway [23]. CTR1 is a Ser/Thr protein 
kinase that homodimerizes when activated [24]. Unlike the ambiguous mode 
of action of the kinase domain in the receptors, the kinase activity of CTR1 is 
absolutely necessary for the downstream signaling to occur. While CTR1 
lacks any predicted transmembrane domains, it also resides at the ER 
membrane due to its physical interaction with the receptors [25, 26]. This 



physical association with the receptors is critical for the induction of the kinase 
activity of CTR1. The activated CTR1 kinase dimers engage in interactions 
that might enable crosstalk between ethylene receptor clusters [24]. 
 Downstream of CTR1 is EIN2, a key player in the ethylene signaling 
cascade. The ein2 mutant is defective in all examined ethylene responses 
[27]. Despite its importance, for over a decade EIN2 remained the most 
elusive player in the ethylene-signaling pathway. The EIN2 protein consists of 
an N-terminal hydrophobic region made of 12 predicted transmembrane 
domains and a hydrophilic C-terminus [27] that harbors a conserved nuclear 
localization sequence [28**], but no other recognizable functionally defined 
structures. The hydrophobic domain has similarity to the NRAMP family of 
metal ion transporters, although no transport activity has been shown for EIN2 
[29]. EIN2 resides in the ER membrane and physically interacts with the 
kinase domain of the ethylene receptors [12]. EIN2 accumulates upon 
ethylene treatment and is absolutely required for the stabilization of the 
downstream pathway component, EIN3 [30**]. Interestingly, overexpression of 
the C-terminal end of EIN2 constitutively activates ethylene responses in light-
grown plants, although it is not sufficient to trigger full-scale ethylene 
response nor to restore ethylene sensitivity to null ein2 mutants [27].  
 Even though EIN2 functions as a critical component in ethylene 
signaling, it took more than 13 years to determine how this intriguing molecule 
transduces the ethylene signal from the receptors in the ER to the 
transcription factors EIN3/EIL1 in the nucleus that regulate downstream gene 
expression. It was the work done by three different groups [28**,31**,32**] 
and published in the last year that finally shed some light on this part of the 
pathway. In these three independent studies, the authors were able to show 
that there is a physical movement of the C-terminal end of EIN2 from the 
membrane of the ER to the nucleus, allowing the ethylene signal to reach the 
downstream components EIN3 and EILs. Importantly, the regulatory 
mechanism linking the ethylene signal with the movement of the C-terminus of 
EIN2 to the nucleus was also uncovered. Chen et al. (2011) showed that in 
the presence of ethylene EIN2 lacks phosphorylation at multiple Ser and Thr 
residues [33*]. Shortly after, Ju et al. (2012) demonstrated that there is a 
physical interaction between EIN2 and CTR1, and that CTR1 is the protein 
kinase that in the absence of ethylene directly phosphorylates the C-terminal 
end of EIN2, thus preventing it from signaling to the downstream components 
EIN3 and EILs [31**]. It is not yet clear, however, whether or not the 
dephosphorylation directly promotes EIN2 cleavage or enhances the stability 
of this part of the protein [34]. Due to the structural similarities of CTR1 with 
MAPKKKs, the controversial involvement of a MAP kinase cascade in 
ethylene signaling has long been hypothesized [reviewed in 34 and 29]. The 
results presented by Ju et al. [31**] imply that there is no need for a MAPKK 
or MAPK activity for the signal transduction between CTR1 and EIN2. Once in 
the nucleus, the C-terminal end of EIN2 leads to the stabilization of EIN3 and 
the activation of the EIN3/EILs-dependent transcriptional cascade 
[28**,31**,32**].  
 EIN3 and its homologs (EILs, EIL1 in Arabidopsis) are short-lived 
proteins that act as positive regulators of the ethylene-signaling pathway. 
EIN3 and EIL1 are the two master transcription factors that generate the 
primary output of ethylene responses and are both necessary and sufficient 



for the regulation of the ethylene-responsive genes’ expression [35]. 
EIN3/EILs function as dimers and, at least in the case of the tomato EIL1, a 
mutation at a conserved phosphorylation site disrupts fluorescence signal in a 
tobacco BiFC system, as well as abolishes the activity of the respective 
transgene in tomato plants [36]. Upon transcriptional activation by EIN3/EILs, 
the ethylene target genes mediate a wide array of the plant responses to 
ethylene [4]. Using ChIP-seq, Chan et al. [37] have found that EIN3 regulates 
the downstream genes’ transcription in a four-wave manner, with each of the 
waves encompassing a unique subset of the EIN3 targets that cumulatively 
modulate a multitude of downstream transcriptional cascades. Importantly, 
some of the downstream targets of EIN3 correspond to key components of 
other hormone-signaling pathways, reinforcing the idea of the existence of a 
complex net of interactions among the different plant hormones. 
 
Turnover of the signaling components and feedback regulation 
 With the recent discoveries, the largely linear signaling pathway 
described above is gradually transforming into a more complex route that 
includes feedback-regulated transcriptional networks, as well as protein and 
mRNA turnover regulatory modules [4]. Proteasome-mediated protein 
degradation plays a major role in the regulation of the ethylene-signaling 
cascade. At the receptor level, ethylene induces ETR2 degradation through 
the 26S proteasome [38]. At the same time, this hormone transcriptionally 
activates ETR2, ERS1, and ERS2 [39]. The newly synthesized receptors, and 
therefore not yet occupied by ethylene, would allow for the inhibition of the 
downstream pathway as soon as the levels of the hormone decrease. This 
up-regulation in the levels of mRNA and reduction in that of the proteins in 
response to ethylene have also been described for the tomato ethylene 
receptors NR, LeETR4 and LeETR6 [40]. Thus, both transcriptional regulation 
and proteasome-mediated degradation of the receptors may form part of a 
sophisticated desensitizing mechanism to this stress-related hormone. 
 The protein levels of EIN2 and EIN3/EIL1 are also tightly regulated; in 
this case, by specific F-box proteins that trigger their proteasome-mediated 
degradation in the absence of ethylene [41,42,43,44]. ETP1 and ETP2 control 
EIN2 levels [41], whereas EBF1 and especially EBF2 regulate the levels of 
EIN3 in response to the ethylene signal [42,43,44]. To add further complexity 
to this regulatory module, the EBF1/2 and ETP1/2 protein levels are down-
regulated by ethylene and, at least in the case of EBF1/2, this process is 
mediated by the proteasome [41, 30**]. Although the mechanistic details of 
this are still to be determined, functional EIN2 is clearly required for the 
degradation of EBF1 and EBF2 [30**]. The different roles of each EBF in the 
ethylene response [45,46] can be explained by the fact that EBF2 is itself a 
target of EIN3, being transcriptionally induced by ethylene [45], thus creating 
an intricate regulatory feedback mechanism. As the final output of these 
regulatory loops, the protein levels of EIN3/EIL1 in the nucleus are finely 
tuned to orchestrate the activation of the proper set of ethylene responses. In 
other words, the balance between the ethylene-dependent increase in EBF2 
transcription and decrease in EBF1 and EBF2 protein stability is thought to 
modulate the EIN3/EIL1 turnover, providing a dynamic mechanism of 
adjusting the plant responsiveness to this hormone.  



 An additional layer of regulation is provided by the 5’-3’ 
exoribonuclease XRN4/EIN5 that is believed to down-regulate the levels of 
EBF1 and EBF2 mRNA by an unknown mechanism. Due to the molecular 
nature of EIN5, an RNA degradation module in the control of the ethylene 
response has been suggested [4]. In contrast with other regulatory loops 
described above, neither EIN2 nor ETPs are transcriptionally regulated by 
ethylene [41]. 
 
Future perspectives 
 The greater understanding of the ethylene-signaling pathway reached 
as a result of the work of multiple research groups has also brought to light 
new and intriguing questions that are yet to be answered. Thus, the finding 
that the C-terminus of EIN2 translocates to the nucleus in response to 
ethylene has opened up the search for the molecular elements and 
mechanisms that a) trigger and execute the C-terminal cleavage allowing for 
the EIN2 C-end translocation to the nucleus, and b) activate the 
transcriptional signaling cascade. Similarly, lack of full activation of ethylene 
responses upon expression of the nuclear-localized C-terminus of EIN2 
suggests that other parts of this intriguing protein may carry out additional 
(and so far uncharacterized) functions. In that sense, it is important to point 
out the current lack of functional information on the highly conserved N-
terminus of EIN2 that shares clear sequence similarity with the NRAMP family 
of metal-ion transporters. 
 Other important challenges lying ahead relate to the findings that 
implicate additional regulatory modules in the ethylene pathway or reveal 
alternative signaling routes that deviate from the core linear cascade 
described above. Thus, for example, the mechanisms by which the 5’-3’ 
exoribonuclease EIN5 participates in the ethylene response is not yet fully 
understood [44,45], although the accumulation of the full-length and 3’UTR 
region of the EBF1 and EBF2 mRNA has been suggested as the likely culprit. 
Perhaps, related to this are the findings that the long 3’UTR of EBF2 has a 
negative regulatory effect on the activity of EBF2, as indicated by the hyper-
activation of EBF2-mediated responses when the native 3’UTR is eliminated 
[45]. Since the nature of the 3’UTR in part determines the stability and/or 
translatability of the mRNA, the aforementioned results suggest that an EIN5-
dependent regulatory module may control the stability of the EBF1 and EBF2 
mRNAs. No direct evidence, however, has been found for such a mechanism 
[47,48], leaving the mode of EIN5 action and the role of the EBF1/EBF2 
3’UTRs unknown at the moment and open for future studies. 
 Finally, several different lines of research have suggested the 
existence of alternative signaling pathways in which one or several of the 
classical core components are bypassed in triggering a specific set of 
ethylene responses. In this regard, the recent work by Qiu et al. [49] explored 
the possibility of RTE1 and the N-terminal domain of ETR1 working together 
to mediate ethylene signaling through a CTR1-independent pathway. 
Conversely, the detailed morphometric analysis of the growth inhibition 
mediated by ethylene had also suggested the existence of an alternative fast-
response signaling pathway that does not require the activity of the key 
transcriptional regulators EIN3 and EIL1 [50]. Thus, although it is clear that 
the majority of well-characterized responses to this hormone are mediated by 



the canonical ethylene signaling pathway described above, the possible 
existence of alternative cascades that skip one or several of the classical 
ethylene signaling components needs to be further investigated.  
 
Table 1. Examples of distinct functions played by the ethylene receptors 

Biological process Species Receptor isoforms 
involved 

Ethylene-induced nutational bending 
of the apical hook 

Arabidopsis Activated by ETR1 [51] 
Inhibited by ETR2, ERS1, 
ERS2 and EIN4 [51] 

Inhibition of ethylene signaling by 
silver ions 

Arabidopsis Mainly ETR1 [52] 

Functional dependence on RTE1 Arabidopsis ETR1 [53] 

Recovery of growth after ethylene 
treatment 

Arabidopsis ETR1, ETR2 and EIN4 
[54] 

Development of light-grown seedlings Arabidopsis ETR1 and ERS1 [55] 

Ethylene response in an ETR1-
dependent manner 

Arabidopsis ERS1 [56] 

Trichome branching Arabidopsis Induced by ETR2 [57] 

Response to fumonisin treatment  Arabidopsis  ETR1 inhibits the 
response and EIN4 
activates it [58] 

Starch accumulation Rice ETR2 [59] 

Control of flowering time Rice ETR2 [59] 

Control of fruit ripening  Tomato LeETR4 and LeETR6 [60] 

Responses to salt stress Tobacco NTHK1 [61] 

 
 
Acknowledgments 
We would like to thank members of the Alonso-Stepanova laboratory for the 
critical reading of the manuscript.  Work in the Alonso-Stepanova lab is 
supported by NSF-MCB0923727 grant to JMA and ANS, NSF-MCB1158181 
grant to JMA, and a Marie Curie COFUND U-Mobility postdoctoral fellowship 
to CM, co-funded by the University of Málaga and the EU 7FP GA nº246550. 
 
References and recommended reading 
Papers of particular interest, published within the period of review, have been 
highlighted as:  
*  of special interest 
** of outstanding interest 
 
 
1. Abeles FB, Morgan PW, Saltveit ME: Ethylene in plant biology. 

Academic Press; 1992. 
 
2. Bleecker AB, Kende H: Ethylene: a gaseous signal molecule in 

plants. Annu Rev Cell Dev Biol 2000, 16:1–18. 



 
3. Binder BM, Chang C, Schaller GE: Perception of ethylene by plants-

ethylene receptors. Ann Plant Rev 2012, 44:117 – 145.  
 
4. Stepanova AN, Alonso JM: Ethylene signaling and response: where 

different regulatory modules meet. Curr Opin Plant Biol 2009, 
12:548–555. 

 
5. Hua J, Meyerowitz EM: Ethylene responses are negatively regulated 

by a receptor gene family in Arabidopsis thaliana. Cell 1998, 
94:261–271. 

 
6. Ju C, Chang C: Advances in ethylene signalling: protein complexes 

at the endoplasmic reticulum membrane. AoB Plants 2012, pls031. 
 
7. Kendrick MD, Chang C: Ethylene signaling: new levels of 

complexity and regulation. Curr Opin Plant Biol 2008, 11:479–485. 
 
8. Shakeel SN, Wang X, Binder BM, Schaller GE: Mechanisms of signal 

transduction by ethylene: overlapping and non-overlapping 
signalling roles in a receptor family. AoB Plants 2013, 5, plt010. 

 
9. Hall BP, Shakeel SN, Amir M, Haq NU, Qu X, Schaller G: Histidine 

kinase activity of the ethylene receptor ETR1 facilitates the 
ethylene response in Arabidopsis. Plant Physiol 2012, 159:682–695. 

* By complementing the etr1 ers1 double mutant with wild-type and 
kinase-inactive versions of ETR1, the authors found that while both 
forms were able to rescue the mutant phenotype and restored normal 
growth to the mutant in air, the kinase-inactive ETR1 conferred reduced 
sensitivity to ethylene in several growth response assays. The 
modulating role of the kinase activity in the regulation of ethylene 
response was further confirmed by microarray and real-time PCR 
analyses. 

 
10. Kamiyoshihara Y, Tieman DM, Huber DJ, Klee HJ: Ligand-induced 

alterations in the phosphorylation state of ethylene receptors in 
tomato fruit. Plant Physiol 2012, 160:488–497. 

* LeETR4 and NR, ripening-related ethylene receptors in tomato, were 
found to be phosphorylated in vivo, and their phosphorylation levels 
were shown to be determined by the ripening state and ethylene 
signaling. In unripe tomatoes ethylene treatment led to reduced 
phosphorylation, whereas in ripening fruits ethylene antagonists 
triggered accumulation of the phosphorylated forms. The 
phosphorylation state of LeETR4 in tomato fruits was closely linked to 
the ripening process, thus implicating the phosphorylation state of the 
receptors in ethylene signal output. 

 
11. Voet-van-Vormizeele J, Groth G: Ethylene controls 

autophosphorylation of the histidine kinase domain in ethylene 
receptor ETR1. Mol Plant 2008, 1:380–387. 



 
12. Bisson MMA, Groth G: New insight in ethylene signaling: autokinase 

activity of ETR1 modulates the interaction of receptors and EIN2. 
Mol Plant 2010, 3:882–889. 

* Herein phosphorylation of the ethylene receptors was uncovered as the 
key mechanism controlling their interaction with EIN2. The kinase 
domain of ETR1 was shown to be essential for this interaction. Reduced 
autophosphorylation increased the affinity of the receptors to EIN2, 
whereas permanent autophosphorylation released the EIN2–ETR1 
interaction from the ethylene control. 

 
13. Gao Z, Wen CK, Binder BM, Chen YF, Chang J, Chiang YH, Kerris RJ, 

Chang C, Schaller GE: Heteromeric interactions among ethylene 
receptors mediate signaling in Arabidopsis. J Biol Chem 2008, 
283:23801–23810. 

 
14. Grefen C, Städele K, Růzicka K, Obrdlik P, Harter K, Horák J: 

Subcellular localization and in vivo interactions of the Arabidopsis 
thaliana ethylene receptor family members. Mol Plant 2008, 1:308–
320. 

 
15. Chen YF, Gao Z, Kerris RJ, Wang W, Binder BM, Schaller GE: 

Ethylene receptors function as components of high-molecular-
mass protein complexes in Arabidopsis. PLoS ONE 2010, 5, e8640 

* Using gel-filtration chromatography of solubilized ethylene receptors 
from Arabidopsis, the authors show that the receptors are part of high-
molecular-mass protein complexes that reside in the membranes of the 
ER. The complexes were found to vary in size in an ethylene-dependent 
manner, thus implicating these differential protein complexes in cell- 
and environment-specific ethylene responses. 

 
16. Hirayama T, Kieber JJ, Hirayama N, Kogan M, Guzman P, Nourizadeh 

S, Alonso JM, Dailey WP, Dancis A, Ecker JR: RESPONSIVE-TO-
ANTAGONIST1, a Menkes/Wilson disease-related copper 
transporter, is required for ethylene signaling in Arabidopsis. Cell 
1999, 97:383–393. 

 
17. Binder BM, Rodriguez FI, Bleecker AB: The copper transporter RAN1 

is essential for biogenesis of ethylene receptors in Arabidopsis. J 
Biol Chem 2010, 285:37263–37270. 

 
18. Woeste KE, Kieber JJ: A strong loss-of-function mutation in RAN1 

results in constitutive activation of the ethylene response pathway 
as well as a rosette-lethal phenotype. Plant Cell 2000, 12:443–455. 

 
19.  Resnick JS, Wen CK, Shockey JA, Chang C: REVERSION-TO-

 ETHYLENE SENSITIVITY1, a conserved gene that regulates  
 ethylene receptor function in Arabidopsis. Proc Natl Acad Sci 
 USA 2006, 103(20):7917–7922.  

 



20.  Dong CH, Rivarola M, Resnick JS, Maggin BD, Chang C: Subcellular 
 co localization of Arabidopsis RTE1 and ETR1 supports a 
 regulatory role for RTE1 in ETR1 ethylene signaling. Plant J 
 2008, 53(2): 275–286.  

 
21.  Resnick JS, Rivarola M, Chang C: Involvement of RTE1 in 

 conformational changes promoting ETR1 ethylene receptor 
 signaling in Arabidopsis. Plant J 2008, 56(3): 423–431. 

 
22. Ma Q, Du W, Brandizzi F, Giovannoni JJ, Barry CS: Differential 

Control of Ethylene Responses by GREEN-RIPE and GREEN-RIPE 
LIKE1 Provides Evidence for Distinct Ethylene Signaling Modules 
in Tomato. Plant Physiol 2012, 160:1968–1984. 

*  This study shows that Solanaceae contain two phylogenetically distinct 
and differentially expressed RTE1 homologs, GR and GRL1, creating 
the possibility of subfunctionalization and species-specific heterogeneity 
in the control of ethylene responses by the members of the GR/RTE1 
family. Using overexpression and complementation approaches, GR 
and GRL1 were found to influence distinct but overlapping ethylene 
responses, thus providing evidence for the existence of different 
ethylene signaling modules in tomato that are regulated by GR, GRL1, 
or both. 

 
23. Kieber JJ, Rothenberg M, Roman G, Feldmann KA, Ecker JR: CTR1, a 

negative regulator of the ethylene response pathway in 
Arabidopsis, encodes a member of the raf family of protein 
kinases. Cell 1993, 72:427–441. 

 
24. Mayerhofer H, Panneerselvam S, Mueller-Dieckmann J: Protein kinase 

domain of CTR1 from Arabidopsis thaliana promotes ethylene 
receptor cross talk. J Mol Biol 2012, 415:768–779. 

 
25. Gao Z, Chen YF, Randlett MD, Zhao XC, Findell JL, Kieber JJ, Schaller 

GE: Localization of the Raf-like kinase CTR1 to the endoplasmic 
reticulum of Arabidopsis through participation in ethylene receptor 
signaling complexes. J Biol Chem 2003, 278:34725–34732. 

 
26. Zhong S, Lin Z, Grierson D: Tomato ethylene receptor-CTR 

interactions: visualization of NEVER-RIPE interactions with 
multiple CTRs at the endoplasmic reticulum. J Exp Bot 2008, 
59:965–972. 

 
27. Alonso JM, Hirayama T, Roman G, Nourizadeh S, Ecker JR: EIN2, a 

bifunctional transducer of ethylene and stress responses in 
Arabidopsis. Science 1999, 284:2148–2152. 

 
28. Wen X, Zhang C, Ji Y, Zhao Q, He W, An F, Jiang L, Guo H: Activation 

of ethylene signaling is mediated by nuclear translocation of the 
cleaved EIN2 carboxyl terminus. Cell Res 2012, 22:1613–1616. 

** Puzzled by the presence of a putative nuclear localization signal in the 



ER-localized integral membrane protein EIN2, the authors investigated 
the subcellular localization of the different domains of EIN2 in planta. 
They discovered that EIN2 in the ER is subject to a hormone-induced 
cleavage event, followed by the translocation of the EIN2 C-terminal 
end into the nucleus, where it leads to the stabilization of EIN3 and 
activation of ethylene responses. Mutations in the nuclear localization 
signal were found to interfere with the C-end nuclear translocation and 
abolish transcriptional responses to ethylene.  

 
29.  Cho YH, Lee S, Yoo SD. EIN2 and EIN3 in Ethylene Signaling. Ann 

Plant Rev 2012, 44:169 – 187. 
 
30. An F, Zhao Q, Ji Y, Li W, Jiang Z, Yu X, Zhang C, Han Y, He W, Liu Y, 

et al: Ethylene-induced stabilization of ETHYLENE INSENSITIVE3 
and EIN3-LIKE1 is mediated by proteasomal degradation of EIN3 
binding F-box 1 and 2 that requires EIN2 in Arabidopsis. Plant Cell 
2010, 22:2384–2401. 

** This study shows that the upregulation of EIN3/EIL1 levels in the 
presence of ethylene is EBF1/2 dependent. In the absence of functional 
EBF1/2, EIN3/EIL1 accumulate in the nucleus triggering constitutive 
activation of the ethylene responses. The levels of EBF1/2 proteins are 
downregulated by ethyelene via proteasome. Both downregulation of 
EBF1/2 and subsequent accumulation of EIN3/EIL1 in the nucleus are 
EIN2-dependent processes.  

 
31. Ju C, Yoon GM, Shemansky JM, Lin DY, Ying ZI, Chang J, Garrett WM, 

Kessenbrock M, Groth G, Tucker ML, et al: CTR1 phosphorylates the 
central regulator EIN2 to control ethylene hormone signaling from 
the ER membrane to the nucleus in Arabidopsis. Proc Natl Acad Sci 
USA 2012, 109:19486–19491. 

** Herein, the signal output from CTR1 to EIN2 is uncovered. CTR1 
directly interacts with and phosphorylates EIN2. Phosphorylation of 
EIN2 by CTR1 prevents EIN2-mediated signaling in the absence of 
ethylene. Mutations that block phosphorylation of EIN2 result in the 
accumulation of the C-terminal end of EIN2 in the nucleus and lead to 
constitutive ethylene responses. The ethylene-triggered inhibition of 
CTR1 is the signal for the cleavage of the C-terminal end of EIN2 and 
its translocation to the nucleus, where it activates the downstream 
components of the signaling pathway. 

 
32. Qiao H, Shen Z, Huang SC, Schmitz RJ, Urich MA, Briggs SP, Ecker 

JR: Processing and subcellular trafficking of ER-tethered EIN2 
control response to ethylene gas. Science 2012, 338(6105):390–393. 

** This work demonstrates that the C-terminal end of EIN2 is 
proteolytically processed and moves from the ER membrane to the 
nucleus in the presence of ethylene, where it activates the EIN3/EIL1-
dependent responses. This translocation is regulated by 
phosphorylation of specific sites in the EIN2 C-terminal end. In the 
absence of ethylene, EIN2 is phosphorylated, while ethylene triggers 
dephosphorylation and proteolytical cleavage of the EIN2 C-terminus. 



Mutations that either mimic EIN2 dephosphorylation or inactivate CTR1 
show constitutive cleavage and nuclear localization of the EIN2 C-
terminus and lead to the EIN3/EIL1-dependent activation of ethylene 
responses.    

 
33. Chen R, Binder BM, Garrett WM, Tucker ML, Chang C, Cooper B: 

Proteomic responses in Arabidopsis thaliana seedlings treated 
with ethylene. Mol Biosyst 2011, 7:2637–2650. 

* Mass spectrometry was used to identify proteins in microsomal 
membrane preparations from etiolated Arabidopsis seedlings treated or 
not with ethylene. The data indicate that ethylene perception leads to 
rapid proteomic changes that are an important part of signaling and 
development. Among the several differentially phosphorylated proteins 
was EIN2, which suggested that the activity or stability of EIN2 may be 
controlled by phosphorylation. 

 
34.  Ji Y, Guo H: From Endoplasmic Reticulum (ER) to Nucleus: EIN2 

Bridges the Gap in Ethylene Signaling. Mol Plant 2013, 6:11–14. 
 
35. Solano R, Stepanova A, Chao Q, Ecker JR: Nuclear events in 

ethylene signaling: a transcriptional cascade mediated by 
ETHYLENE-INSENSITIVE3 and ETHYLENE-RESPONSE-FACTOR1. 
Genes Dev 1998, 12:3703–3714. 

 
36. Li J, Li Z, Tang L, Yang Y, Zouine M, Bouzayen M: A conserved 

phosphorylation site regulates the transcriptional function of 
ETHYLENE-INSENSITIVE3-like1 in tomato. J Exp Bot 2012, 63:427–
439. 

 
37.  Chang KN, Zhong S, Weirauch MT, Hon G, Pelizzola M, Li H, Huang SS 

 C, Schmitz RJ, Urich MA, Kuoet D, et al.: Temporal transcriptional 
 response to ethylene gas drives growth hormone cross-
 regulation in Arabidopsis. eLife 2013, 2:e00675. 

 
38.  Chen YF, Shakeel SN, Bowers J, Zhao XC, Etheridge N, Schaller GE: 

 Ligand-induced degradation of the ethylene receptor ETR2 
 through a proteasome-dependent pathway in Arabidopsis. J Biol 
 Chem 2007, 282(34):24752–24758. 

 
39.  Hua J, Sakai H, Nourizade S, Chen QG, Bleecker AB, Ecker JR, 

 Meyerowitz EM: (1998). EIN4 and ERS2 Are Members of the Putative 
 Ethylene Receptor Gene Family in Arabidopsis. Plant Cell 1998, 
 10(8), 1321–1332.  

 
40.  Kevany BM, Tieman DM, Taylor MG, Cin VD, Klee HJ: Ethylene 

 receptor degradation controls the timing of ripening in tomato fruit. 
 Plant J 2007, 51(3):458–467.   

 
41. Qiao H, Chang KN, Yazaki J, Ecker JR: Interplay between ethylene, 

ETP1/ETP2 F-box proteins, and degradation of EIN2 triggers 



ethylene responses in Arabidopsis. Genes Dev 2009, 23:512–521. 
 
42. Guo H, Ecker JR: Plant responses to ethylene gas are mediated by 

SCF(EBF1/EBF2)-dependent proteolysis of EIN3 transcription 
factor. Cell 2003, 115: 667–677. 

 
43. Potuschak T, Lechner E, Parmentier Y, Yanagisawa S, Grava S, Koncz 

C, Genschik P: EIN3-dependent regulation of plant ethylene 
hormone signaling by two arabidopsis F box proteins: EBF1 and 
EBF2. Cell 2003, 115:679–689. 

 
44. Gagne JM, Smalle J, Gingerich DJ, Walker JM, Yoo SD, Yanagisawa S, 

Vierstra RD: Arabidopsis EIN3-binding F-box 1 and 2 form 
ubiquitin-protein ligases that repress ethylene action and promote 
growth by directing EIN3 degradation. Proc Natl Acad Sci USA 2004, 
101:6803–6808. 

 
45. Konishi M, Yanagisawa S: Ethylene signaling in Arabidopsis 

involves feedback regulation via the elaborate control of EBF2 
expression by EIN3. Plant J 2008, 55:821–831. 

 
46.  Binder BM, Walker JM, Gagne JM, Emborg TJ, Hemman G, Bleecker 

AB, Vierstra RD: The Arabidopsis EIN3 Binding F-Box Proteins 
EBF1 and EBF2 Have Distinct but Overlapping Roles in Ethylene 
Signaling. Plant Cell 2007, 19(2):509–523.  

 
 
47.  Souret FF, Kastenmayer JP, Green PJ: AtXRN4 degrades mRNA in 

Arabidopsis and its substrates include selected miRNA targets. 
Mol Cell 2004, 15(2):173–183.  

 
48.  Olmedo G, Guo H, Gregory BD, Nourizadeh SD, Aguilar-Henonin L, Li 

H, An F, Guzman P, Ecker JR: ETHYLENE-INSENSITIVE5 encodes a 
5“-->3” exoribonuclease required for regulation of the EIN3-
targeting F-box proteins EBF1/2. Proc Natl Acad Sci USA 2006, 
103(36):13286–13293. 

 
49. Qiu L, Xie F, Yu J, Wen CK: Arabidopsis RTE1 is essential to 

ethylene receptor ETR1 amino-terminal signaling independent of 
CTR1. Plant Physiol 2012, 159:1263–1276. 

 
50. Binder BM, Mortimore LA, Stepanova AN, Ecker JR, Bleecker AB: 

Short-term growth responses to ethylene in Arabidopsis seedlings 
are EIN3/EIL1 independent. Plant Physiol 2004, 136:2921–2927. 

 
51. Binder, B.M, O'Malley RC, Wang W, Zutz TC, Bleecker AB: Ethylene 

stimulates nutations that are dependent on the ETR1 receptor. 
Plant Physiol 2006, 142:1690–1700. 

 
52. McDaniel BK, Binder BM: ethylene receptor 1 (etr1) Is Sufficient and 



Has the Predominant Role in Mediating Inhibition of Ethylene 
Responses by Silver in Arabidopsis thaliana. J Biol Chem 2012, 
287:26094–26103. 

 
53.  Dong CH, Jang M, Scharein B, Malach A, Rivarola M, Liesch J, Groth 

G, Hwang I, Chang C: Molecular association of the Arabidopsis 
ETR1 ethylene receptor and a regulator of ethylene signaling, 
RTE1. J Biol Chem 2010, 285:40706–40713. 

 
54. Kim H, Helmbrecht EE, Stalans MB, Schmitt C, Patel N, Wen CK, Wang 

W, Binder BM: Ethylene receptor ETHYLENE RECEPTOR1 domain 
requirements for ethylene responses in Arabidopsis seedlings. 
Plant Physiol 2011, 156:417–429. 

 
55. Hall AE, Bleecker AB: Analysis of combinatorial loss-of-function 

mutants in the Arabidopsis ethylene receptors reveals that the 
ers1 etr1 double mutant has severe developmental defects that are 
EIN2 dependent. Plant Cell 2003, 15:2032–2041. 

 
56. Liu Q, Wen CK: Arabidopsis ETR1 and ERS1 differentially repress 

the ethylene response in combination with other ethylene receptor 
genes. Plant Physiol 2012, 158:1193–1207. 

 
57. Plett JM, Mathur J, Regan S: Ethylene receptor ETR2 controls 

trichome branching by regulating microtubule assembly in 
Arabidopsis thaliana. J Exp Bot 2009, 60:3923–3933. 

 
58.  Plett JM, Cvetkovska M, Makenson P, Xing T, Regan S: Arabidopsis 

ethylene receptors have different roles in Fumonisin B1-induced 
cell death. Physiol Mol Plant P 2009, 74:18–26. 

 
59. Wuriyanghan H, Zhang B, Cao WH, Ma B, Lei G, Liu YF, Wei W, Wu 

HJ, Chen LJ, Chen HW, et al: The ethylene receptor ETR2 delays 
floral transition and affects starch accumulation in rice. Plant Cell 
2009, 21:1473–1494. 

 
60. Tieman DM, Taylor MG, Ciardi JA, Klee HJ. The tomato ethylene 

receptors NR and LeETR4 are negative regulators of ethylene 
response and exhibit functional compensation within a multigene 
family. Proc Natl Acad Sci USA 2000, 97:5663–5668. 

  
61. Chen T, Liu J, Lei G, Liu YF, Li ZG, Tao JJ, Hao YJ, Cao YR, Lin Q, 

Zhang WK, et al: Effects of tobacco ethylene receptor mutations on 
receptor kinase activity, plant growth and stress responses. Plant 
Cell Physiol 2009, 50:1636–1650. 

 
 
 
 
 



 
 
Figure1. Current model of the ethylene signaling pathway in Arabidopsis. Ethylene 
is perceived by the receptor proteins ETR1, ERS1, ETR2, ERS2 and EIN4 (represented 
in green), all of which bind ethylene with high affinity. In the figure the receptors are 
grouped into two classes based on the presence (ETR1, ETR2 and EIN4) or absence 
(ERS1 and ERS2) of the receiver domain. The receptors work as homodimers but 
form higher order complexes in the ER membrane by interacting with other 
receptors through their GAF domains (represented as pentagons in the receptors´ 
cytosolic domain). Copper (red circles) serves as a cofactor for ethylene binding and 
is delivered to the receptors by the copper transporter RAN1 (represented in 
orange). RTE1 (in pink) is associated with ETR1 and mediates the receptor signal 
output. The receptors are negative regulators of ethylene signaling. A. In the 
absence of the hormone, the receptors activate CTR1 (in yellow), a Ser/Thr kinase 
that dimerizes when active and suppresses the ethylene response. CTR1 inactivates 
EIN2 (in purple) by directly phosphorylating (blue circles) its C-terminal end. EIN2 can 
directly interact with the kinase domain of the receptors (represented as the larger 
ovals under the pentagons in the cytosolic domain of the receptors). The levels of 
EIN2 are negatively regulated by the F-box proteins ETP1 and ETP2 (green star) via 
the 26S proteasome (grey). In the nucleus, the transcription factors EIN3/EIL1 (in 
red) are being degraded by two other F-box proteins, EBF1/2 (blue star), through the 
proteasome. In the absence of EIN3/EIL1, transcription of the ethylene response 
genes is shut off. B. In the presence of ethylene, the receptors bind the hormone and 
become inactivated, which in turn, switches off CTR1. This inactivation prevents the 
phosphorylation of the positive regulator EIN2. The C-terminal end of EIN2 is cleaved 
off by an unknown mechanism and moves to the nucleus where it stabilizes 
EIN3/EIL1 and induces degradation of EBF1/2. The transcription factors EIN3/EIL1 
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dimerize and activate the expression of ethylene target genes, including the F-box 
gene EBF2 (dark blue curly line) [which generates a negative feedback loop 
dampening the activity of the ethylene pathway] or the transcription factor gene 
ERF1 (light blue line) [which, in turn, initiates a transcriptional cascade resulting in 
the activation and repression of hundreds of ethylene-regulated genes]. Among the 
ethylene responsive genes is the receptor gene ETR2 (green line), whose mRNA is 
upregulated by ethylene and is translated into the new batch of ethylene-free 
receptor molecules which then activate the negative regulator CTR1, thus providing 
the means of tuning down ethylene signaling in the absence of additional ethylene. 
Other regulatory nodes in the pathway are the exoribonuclease EIN5 (light orange), 
which controls the levels of EBF2 mRNA, and the F-box proteins ETP1 and ETP2 
(green star) that are degraded in the presence of ethylene leading to the 
stabilization of EIN2.  All of the aforementioned ethylene signaling components 
identified in Arabidopsis are conserved in evolutionary distant plant species, 
suggesting that the mechanism of ethylene signaling in plants is universal. Positive 
and negative arrows (-> and -|) represent activation and downregulation processes, 
respectively. Molecules shown in fading colors (EIN3/EIL1 in “no ethylene”, or 
ETP1/2 and EBF1/2 in “ethylene”) correspond to unstable proteins targeted to 
proteasome-mediated degradation. Curly lines indicate specific mRNAs, with their 
colors matching that of the corresponding proteins.  
 


