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1- EXEMPLES D’EFFETS DE L’ETHYLENE 
    SUR LA PHYSIOLOGIE DES PLANTES 
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molecular characterization, genetic studies suggested that
these genes acted early in the ethylene signaling pathway
([14•,15,17,18•]; JM Alonso, JR Ecker, Abstract 385, 9th
International Conference on Arabidopsis Research, 24–28
June 1998, Madison WI).

ETR1 was the first member cloned, using a positional
approach [16]. All other members of the family were iso-
lated due to their sequence homology to ETR1 (ERS1 and
ETR2; [14•,17]) or to ETR2 (EIN4 and ERS2; [18•]).
Sequence analysis of the ETR1 gene uncovered its similar-
ity to two-component histidine-kinase regulators that are
sensors and transducers of environmental signals in bacte-
ria [21]. Since then, other two-component sensors have
been found in eukaryotes, including Arabidopsis [22–28].
Two component receptors consist of a sensor protein with
a histidine autokinase domain and a response regulator
protein. Activation of the histidine-kinase in the sensor
protein promotes autophosphorylation of the histidine

residue and a subsequent transfer of the phosphoryl group
to an aspartate residue in the receiver domain of the
response regulator [21]. In ETR1, as well as in ETR2 and
EIN4, the sensor and the response regulator components
are present in the same protein. ERS1 and ERS2, howev-
er, lack the response regulator, suggesting that, as in the
case of bacteria, this second component may also exist in
plants as an independent protein. In fact, five different
response regulators have been recently cloned in
Arabidopsis by sequence homology to bacterial response
regulators [29•]. Whereas in vivo and in vitro evidence has
been provided that they can function in His-Asp phospho-
transfer signaling in E. coli, interactions among any of these
proteins and ERS1, ERS2 or the other ethylene receptors
have not been reported. 

ERS1 shares a high degree of sequence similarity with
ETR1 (72% in the amino-terminus and 64% in the histi-
dine-kinase domain), including all canonical motifs of bac-
terial histidine protein kinases [17]. EIN4, ETR2 and
ERS2, however, comprise an independent, more divergent
class of receptors, in which the hallmarks of bacterial histi-
dine kinases are barely detectable [14•,18•]. Whether or
not all of these proteins can function as histidine kinases is
not clear, although this activity has been demonstrated in
vitro for ETR1 [30••]. As the introduction into plants of a
mutant version of etr1 containing two kind of mutations
(mutations that confers dominant ethylene insensitivity,
and mutations in an amino acid residue essential for histi-
dine-kinase activity in prototypical ‘two-component’ regu-
lators), still conferred dominant ethylene insensitivity to
transgenic plants, the in vivo significance of the histidine
kinase domain is unclear ([31], J Hua, E Meyerowitz,
Abstract 405, 9th International Conference on Arabidopsis
Research, 24–28 June 1998, Madison WI). Homo- or het-
ero-dimerization of these receptors, however, may provide,
in trans, kinase activity to the ‘killed-kinase’ mutant.
Further proof of the in vivo significance of the kinase activ-
ity may be obtained by the introduction of various mutant
transgenes into the loss-of-function mutant backgrounds
(single, double, triple and quadruple) recently obtained by
Hua and Meyerowitz [32••].

As mentioned earlier, genetic evidence that these proteins
act upstream of CTR1 in the ethylene pathway and their
similarity to two-component bacterial sensors suggested
their roles as ethylene receptors. Supporting biochemical
evidence has been provided by ethylene binding experi-
ments. It has been found that etr1 mutants bind signifi-
cantly less ethylene than wild-type plants [20].
Furthermore, heterologous expression of ETR1 and ERS1
in yeast cells allows them to reversibly bind the hormone
([33]; AE Hall, JL Findell, E Schaller, AB Bleecker,
abstract 402, 9th International Conference on Arabidopsis
Research, 24–28 June 1998, Madison WI). 

The amino terminus of ETR1 contains three predicted
transmembrane domains that may anchor the protein to
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Figure 1

Constitutive activation of the ethylene signaling pathway by EIN3 in
Arabidopsis. Compared to that grown in air (seedling on the right), a
dark-grown wild-type Col-0 Arabidopsis plant exhibits a radial swelling
of the hypocotyl, an exaggeration in the curvature of the apical hook,
and an inhibition of cell elongation in the hypocotyl and root in the
presence of ethylene. Overexpression of EIN3 (seedling on the left) in
the wild-type Col-0 background leads to a constitutive ethylene
response in the absence of the hormone, mimicking the phenotype of a
wild-type Col-0 seedlings grown in the presence of ethylene.
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the pathway in Arabidopsis. The genes homologous to those en-
coding the ethylene signaling components fromArabidopsiswere
also identified from the genomes of maize, wheat, sorghum, and
B. distachyon (Table 1). The comparison of the gene features and/
or protein functions was in a sequential order from upstream
ethylene receptors to the downstream transcription factors.

Ethylene Receptors

In Arabidopsis, five ethylene receptors have been identified,
including ETR1 (ETHYLENE RESPONSE 1), ERS1 (ETHYLENE
RESPONSE SENSOR 1), ETR2, ERS2, and EIN4 (ETHYLENE
INSENSITIVE 4), and all of these show similarity to two-
component histidine kinase sensors from bacteria (Chang et al.,
1993; Hua et al., 1995, 1998; Sakai et al., 1998). These receptors
can be classified into two subfamilies. Subfamily I receptors,
including ETR1 and ERS1, have three transmembrane domains,
a GAF (cGMP phosphodiesterases/adenylyl cyclases/FhlA)
domain in the middle portion followed by a His kinase domain
with (ETR-type) or without (ERS-type) an attached receiver
domain. The subfamily II members (ETR2, ERS2, and EIN4) have
an extra putative signal peptide at the N-terminal end and a
diverged His kinase domain in comparison with subfamily I
receptors. Tomato and tobacco plants have six and four
receptors, respectively (Xie et al., 2002; Klee, 2004). It has been
demonstrated that subfamily I members ETR1 and ERS1 in
Arabidopsis and NtETR1 in tobacco have histidine kinase
activity, of which ERS1 also had Ser/Thr kinase activity (Gamble

Figure 2. Comparison of the Ethylene
ResponsePhenotypes inDark-GrownSeed-
lings of (A)Arabidopsis, (B)Rice, (C)Brachy-
podium distachyon, (D) Maize, (E) Wheat,
and (F) Sorghum.
Arabidopsis seedlings (Col-0) were grown on the

half-strength MS medium and incubated at 23!C

in the dark for 3 d in the presence and absence of

ethylene. Germinated rice (cv. Nipponbare) seeds

were placed on a stainless net with the water level

below the seeds at 28!C in the dark for 3 d with or

without ethylene treatment (described in Ma et al.,

2013). Brachypodium distachyon (Brachypodium

distachyon 21), maize (Zea mays L. inbred B73),

wheat (Jing 411), and sorghum (Sorghum bicolor

M81-E) were treated similarly with ethylene and

grown for 2 d. The ethylene concentration was 10

ppm. Bars, 1 cm.

et al., 1998; Moussatche and Klee, 2004;
Chen et al., 2009), whereas subfamily II
members, including ETR2, ERS2, and EIN4
in Arabidopsis, NTHK1 and NTHK2 in
tobacco, and OsETR2 in rice, mainly have
Ser/Thr kinase activity (Xie et al., 2003;
Moussatche and Klee, 2004; Zhang et al.,
2004; Wuriyanghan et al., 2009). Further
studies have revealed that the His kinase
activity of ETR1 is not absolutely required
for the receptor function but plays a
modulating role in the regulation of signal
output (Wang et al., 2003; Hall et al., 2012).
However, the kinase activity of tobacco

ethylene receptor NTHK1 appeared to be fully required for salt
stress responses but only partially required for leaf/rosette size
control (Chen et al., 2009). The exact function of ethylene
receptor kinase activity requires further investigation.

Rice has five receptors, including two members (OsERS1 and
OsERS2) of subfamily I and three members (OsETR2, OsETR3,
and OsETR4) of subfamily II (Watanabe et al., 2004; Yau et al.,
2004). There are also five ethylene receptors in B. distachyon,
maize, wheat, and sorghum (Table 1). Compared with the
dicotyledonous plants mentioned above, ETR1-type receptor is
notably absent in all the monocotyledonous plants examined. It
is unclear what drives the difference between dicotyledonous
and monocotyledonous plants. It is possible that other receptors
may have performed similar functions. Alternatively, other his-
tidine kinases with a receiver domain may have adopted func-
tions in ethylene signaling. In rice, it has been proved that
subfamily II receptor gene OsETR2 is induced by the treatment
of ethylene, submergence, gibberellin, and indole-3-acetic
acid (Watanabe et al., 2004; Yau et al., 2004). We further
characterized its roles in rice ethylene signaling and plant
growth and development (Wuriyanghan et al., 2009). OsETR2
has Ser/Thr kinase activity and can phosphorylate its receiver
domain. The biological function of this phosphorylation is still
not clear. Overexpression of OsETR2 reduced ethylene
sensitivity, delayed panicle development, and increased the
accumulation of starch granules in internodes in transgenic
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systematically explored. Semi-aquatic rice is one of the most
important crops in the world. Ethylene plays important roles in
rice adaption to hypoxic conditions (Fukao and Bailey-Serres,
2008; Rzewuski and Sauter, 2008; Ma et al., 2010). Different
from the triple response observed in etiolated Arabidopsis
seedlings, exogenous ethylene has been proved to promote
rice coleoptile growth (Satler and Kende, 1985; Ishizawa and
Esashi, 1988; Lee and Lin, 1996). Studies by our group
document that ethylene inhibits root growth but promotes
coleoptile growth of dark-grown rice seedlings, which is called
the double response (Ma et al., 2010, 2013). During the past
few years, several genes homologous to the Arabidopsis
ethylene signaling elements have been isolated and
characterized in rice. The ethylene response phenotypes and
the ethylene signaling-related genes in other monocotyledonous
plants, including maize, wheat, sorghum, and Brachypodium
distachyon, have not yet been systematically analyzed. In this
review, we compare the ethylene response phenotypes in dark-
grown seedlings of Arabidopsis, rice, and other monocotyle-
donous plant species and summarize the homologous genes in
these monocotyledonous plants. Recent progress in ethylene
signaling research is also described. These analyses should
significantly increase our understanding of how ethylene
signaling works in dicotyledonous Arabidopsis and monocotyle-
donous plants, particularly rice.

ETHYLENE RESPONSE IN ETIOLATED
SEEDLINGS OF RICE AND OTHER
MONOCOTYLEDONOUS PLANTS

Analysis of mutants in the well-known triple response of
Arabidopsis sheds light on molecular and biochemical details of
ethylene signaling pathway in plants. Rice etiolated seedlings ex-

hibited the double response under ethylene treatment. This
double response includes the inhibition of root growth and promo-
tion of coleoptile growth and is different from the ethylene
response of Arabidopsis (Figure 2B; Ma et al., 2010, 2013). We
also examined the ethylene response phenotypes in other
monocotyledonous plants, i.e., maize, wheat, sorghum, and
B. distachyon. After treatment with 10 ppm ethylene, all the
etiolated seedlings of the four species showed short roots and
short coleoptiles compared with the air-treated seedlings
(Figure 2C–2F), suggesting that ethylene inhibits the growth of
both roots and coleoptiles in these four plant species. Similar
inhibitions were observed when a lower ethylene (0.1 ppm)
concentration was applied. This analysis supports that rice has
a different ethylene response phenotype in comparison with the
other monocotyledonous species tested. The promotional effect
of ethylene on rice coleoptiles may be consistent with the fact
that rice lives in water-saturated soil for almost its entire life cycle,
and faster growing coleoptiles are conducive for rice to emerge
from shallow waters (Jackson, 1985; Magneschi and Perata,
2009). Numerous previous studies have documented that the
growth of rice coleoptiles is promoted by ethylene (Ku et al.,
1970; Satler and Kende, 1985; Ishizawa and Esashi, 1988; Lee
and Lin, 1996; Ismail et al., 2009). These facts may suggest that
different features are present in rice ethylene signaling.

ETHYLENE SIGNALING COMPONENTS
IN RICE AND OTHER
MONOCOTYLEDONOUS PLANTS

In this section, we mainly describe the progress achieved in
ethylene signaling mechanisms in rice and other monocotyle-
donous plants. These analyses are helpful to elucidate the simi-
larity and divergence of ethylene signaling in comparison with

Figure 1. The Model of Ethylene Signaling
Pathway in Arabidopsis.
Ethylene is perceived in the ER by a family

of receptors that show similarity to two-

component histidine kinase sensors from bac-

teria (Chang et al., 1993; Hua et al., 1995, 1998;

Sakai et al., 1998). In air, the ethylene level is

low. The active receptors interact with the

N-terminal region of CTR1 to form a complex

(Kieber et al., 1993; Gao et al., 2003; Huang

et al., 2003). CTR1 directly phosphorylates the

C-terminal domain of EIN2 and then leads to

the degradation of EIN2 by F-box proteins

EPT1/2 to repress the downstream signaling

transduction (Alonso et al., 1999; Qiao et al.,

2009; Ju et al., 2012). In the nucleus,

EIN3/EIL1 are degraded through ubiquitin-

proteasome mediated by F-box proteins

EBF1/2 (Chao et al., 1997; Guo and Ecker,

2003; Potuschak et al., 2003; Gagne et al.,

2004; An et al., 2010). In the presence of

ethylene, ethylene binding leads to the

inactivation of ethylene receptors and CTR1,

which then results in the dephosphorylation of

EIN2 and thus its cleavage. The split EIN2

C-terminal fragment (CEND) transports into the

nucleus and participates in the stabilization and accumulation of EIN3/EIL1 and, consequently, induces transcription of ERF1 and other

ethylene-responsive genes (Solano et al., 1998; Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012).
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one of the universal conserved motifs within ERFVII is the Nt-domain (CMVII-1), which is 

Nt-MCGGAII/L (Figure 12A and B) (Nakano et al., 2006). The amino acid sequence of 

HRE2 is shorter than the other 4 members (Figure 12A). The lacking sequence is part of the 

binding domain, suggesting that the transcription activity of HRE2 may rely on cooperated 

partners (Licausi et al., 2010).  

 

Figure 12. Phylogenetic analysis of ERFVII proteins (A) and N-terminal conserved amino acid sequence of 

ERFVII proteins (B). SB, synteny block; CM, conserved motif (Gibbs et al., 2015). 

ERFVII proteins are initially studied in rice under hypoxic conditions. It is proposed 

that SUB1a is able to increase the submergence tolerance (Xu et al., 2006; Perata and 

Voesenek, 2007). Corresponding genes in the model plant, Arabidopsis, are further identified 

to elucidate its molecular mechanism. Among the five ERFVII members, HRE1 and HRE2 

are primarily induced in roots during the early hours of submergence. It is shown that hre1 

hre2 mutant is more sensitive to hypoxia. Overexpression of HRE1 rather than HRE2 induces 

anoxia tolerance. Experiments with the aids of protein synthesis inhibitor, proteasome 

inhibitors and RNA process mutants show that even HRE2 is dramatically transcribed by 



REGULATION DES ERF DU GROUPE VII  

ERFVIIs ARE SUBSTRATES OF THE N-END RULE
PATHWAY OF PROTEOLYSIS

In addition to ethylene accumulation, another key
signal associated with flooding is reduced oxygen avail-
ability (van Dongen and Licausi, 2015). It has been
shown that ERFVIIs function as homeostatic sensors of
hypoxia via the N-end rule pathway of targeted prote-
olysis (Gibbs et al., 2011; Licausi et al., 2011), an ancient
and conserved branch of the ubiquitin proteasome sys-
tem that relates the stability of a protein to the nature of
its N terminus (Fig. 2; Bachmair et al., 1986; Varshavsky,
2011; Gibbs et al., 2014a). Moreover, this ERFVII-based
system has also emerged as a critical mechanism for NO
sensing (Gibbs et al., 2014b), highlighting a central role
for ERFVIIs and their proteolytic control by the N-end
rule pathway in gaseous signal transduction.

ERFVIIs and Oxygen Sensing

A defining feature of the ERFVIIs is the presence of an
Ntmotif that initiateswith the residuesMet-Cys (Fig. 1, A
and B; Gibbs et al., 2011; Licausi et al., 2011). This motif
is highly conserved across ERFVIIs in flowering plants
and functions as an N-degron, rendering these proteins
substrates of the N-end rule pathway. The Nt-Met of
ERFVIIs is cotranslationally cleaved by cytosolic MET
AMINOPEPTIDASEs to reveal a tertiary destabilizing
Nt-Cys residue that is susceptible to oxidative modifica-
tions to produce an oxidized Cys (Cys sulfinic or sulfonic
acid; Hu et al., 2005), which is then arginylated by ATEs.
Nt-Arg-Cys is then recognized by the N-end rule path-
way E3 ligase (N-recognin) PRT6, which targets the
ERFVII for destruction via polyubiquitination (Fig. 2). In
the presence of oxygen (and NO; see next section), oxi-
dation ofNt-Cys therefore catalyzes protein degradation,
whereas under hypoxia, ERFVIIs accumulate to coordi-
nate the transcriptional response to oxygen limitation
(Gibbs et al., 2011; Licausi et al., 2011). In Arabidopsis,
RAP2.12, RAP2.2, and RAP2.3 are all constitutively ex-
pressed, whereas HRE1 and HRE2 are hypoxia induc-
ible, suggesting that there is a cascade of transcription
and stabilization in response to declining oxygen levels,
and that individual ERFVIIs have different contributions
to the response (Licausi et al., 2010; Bui et al., 2015).

It was hypothesized that reliance upon spontaneous
Nt-Cys oxidation alone would not allow plants to fine
tune their response to hypoxia, and would instead ex-
pose ERFVIIs to unregulated fluctuations in cell redox
status. The stability of the mammalian hypoxia sensor
protein HYPOXIA INDUCIBLE FACTOR1a is regu-
lated in an oxygen-dependent manner by prolyl hy-
droxylases (Kaelin and Ratcliffe, 2008). A survey of
hypoxia-responsive genes in Arabidopsis identified
several PCO enzymes, which were shown to oxidize
Nt-Cys using oxygen as a cosubstrate (Weits et al., 2014).
These enzymes promote degradation of RAP2.12 in the
presence of oxygen, and therefore play a similar regu-
latory role to mammalian prolyl hydroxylases (Weits
et al., 2014). PCOs were shown to counteract RAP2.12-
mediated induction of hypoxia-responsive reporter genes,
and hypoxic induction of PCO1 and PCO2 indicates that
they are important for dampening anaerobic gene tran-
scription through negative regulation of RAP2.12, and
likely the other ERFVIIs (Weits et al., 2014).

Interestingly, analysis of rice SUB1A-1 demonstrated
that it is not an N-end rule substrate in vitro, in con-
trast to all five of the Arabidopsis ERFVIIs and at least
one barley (Hordeum vulgare) ERFVII (Gibbs et al.,
2011; Mendiondo et al., 2015). Enhanced tolerance of
rice varieties carrying the SUB1A-1 gene might there-
fore be due to the increased stability of the protein,
although more research is needed to fully support this
hypothesis. Perhaps the semiaquatic nature of rice has
placed evolutionary pressure on ERFVII dynamics to
enhance survival in fluctuating water schemes; it will
be interesting to see whether ERFVIIs from other
wetland species, for example, those from Rumex spp.

Figure 2. Oxygen (O2) and nitric oxide (NO) signal transduction via
N-end rule regulation of ERFVII stability. Arabidopsis ERFVII transcription
factors are transcribed either constitutively and/or in response to several
upstream signals, including ethylene. METAMINOPEPTIDASE (MetAP)
enzymes cleave Nt-Met cotranslationally to reveal Nt-Cys (C). In the
presence of oxygen and NO (which may be derived from a variety of
cellular sources: NR, nitrate reductase; NOA1, nitric oxide associated
protein1), Nt-Cys is oxidized to Cys-sulfinic or Cys-sulfonic acid (C*).
This oxidation is facilitated by PLANT CYS OXIDASE (PCO) enzymes
(Weits et al., 2014). Oxidized Nt-Cys is then arginylated (R) by AR-
GINYL tRNATRANSFERASES (ATE1/2). Nt-Arg-ERFVII is recognized by
the N-end rule E3 ligase (N-recognin) PROTEOLYSIS6 (PRT6), which
targets the protein for proteasomal degradation via polyubiquitination
(Ubi; Gibbs et al., 2011; Licausi et al., 2011). ERFVII degradation
initiates germination, inhibits hypocotyl growth, stimulates stomatal
closure, represses the hypoxia transcriptional response, and promotes
photomorphogenesis. In conditions in which either oxygen or NO (or
both) become limiting, Nt-Cys oxidation is inhibited, and ERFVIIs are
stabilized (Gibbs et al., 2014b). Stable ERFVIIs promote anaerobic gene
expression, maintain seed dormancy and open stomata, promote hy-
pocotyl growth, and repress photomorphogenesis. Regulation of ERFVII
stability by the N-end rule pathway therefore controls the homeostatic
response to oxygen and NO availability.

Plant Physiol. Vol. 169, 2015 25

ERFVII Function in Growth and Environment Response

https://plantphysiol.orgDownloaded on November 8, 2020. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 
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increases the stability of some ERF that contributes to enhanced survival (Gibbs et al., 2011; 

Licausi et al., 2011). Subsequently, ERFVIIs are suggested as the central hubs that mediate 

NO sensing in the regulation of seed germination and stomatal closure and hypocotyl 

elongation (Gibbs et al., 2014b). The mechanism of the N-end rule pathway in plant 

biological processes is not just directly ERFVII-dependent. It is reported that PRT6 branch of 

Arg/N-end rule pathway is involved in biotic and abiotic stress response by the regulation of 

plant-defense metabolites, defense-response gene expression (de Marchi et al., 2016; Vicente 

et al., 2017; Vicente et al., 2019). In addition, N-end rule mutant analysis has revealed other 

growth phenotypes (Figure 14). ATE1 gene insertion line mutant, delayed-leaf-senescence1 

(dls1) showed slow senescence (Yoshida et al., 2002). ate1 ate2 mutant plants exhibit 

abnormal shoot and leaf development (Graciet et al., 2009). PRT6 gene mutant greening after 

extended darkness 1 (ged1) is more tolerant to starvation conditions, such as prolonged 

darkness (Riber et al., 2015). Until now, the reported correlation between N-end rule and 

seed germination is the affected sensitivity to ABA, nitric oxide and sugar, or oil body 

retention (Holman et al., 2009; Gibbs et al., 2014b) (Figure 14). 

 

 

Figure 14. The effects on The Arg/N-end rule in plant development from published reports (Gibbs et al., 2016). 
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abnormal shoot and leaf development (Graciet et al., 2009). PRT6 gene mutant greening after 

extended darkness 1 (ged1) is more tolerant to starvation conditions, such as prolonged 

darkness (Riber et al., 2015). Until now, the reported correlation between N-end rule and 

seed germination is the affected sensitivity to ABA, nitric oxide and sugar, or oil body 

retention (Holman et al., 2009; Gibbs et al., 2014b) (Figure 14). 

 

 

Figure 14. The effects on The Arg/N-end rule in plant development from published reports (Gibbs et al., 2016). 

 

MetAP:	Met	Aminopep<dase;	PCO:	PLANT	CYS	OXIDASE	
ATE:	Arginyl-tRNA	transferase	
PRT6:	PROTEOLYSIS	6	



Conclusions 
 - Spécificité chimique de l’éthylène 
 (hydrocarbure, gaz, ….)  

  -  Intervention dans de nombreux processus physiologiques 
      � Morphogenèse: croissance des plantules (élongation racinaire,  
         de l’hypocotyle et du coléoptile 
       �  Développement: floraison, croissance et maturation des fruits, 
         germination et dormance des semences 

UNlisaNon	en	agronomie	et	horNculture	

 � Tolérance des plantes à différents stress abiotiques et biotiques   

-  Rôle clé dans la physiologie des plantes, en interrelation 
 avec d’autres  phytohormones (GAs, ABA, auxines, JAs, 
 cytokinines, …) en réseau des voies de signalisation  

- Rôle des processus de protéolyse (N-end Rule Pathway) 



plant level is a major contributor of stress responses as

well as localized organ-specific ABA build-up such as that
observed in developing seeds (Govind et al. 2011; Seiler

et al. 2011). Accordingly, ABA transporters have been

identified and an active mechanism to regulate ABA
transport in Arabidopsis has been described recently (Seo

and Koshiba 2011). Whether the ABA transport model

defined in Arabidopsis is conserved in crop plants remains
unknown.

ABA signaling involves multiple receptors and subcel-
lular compartments (Xu et al. 2013 PCR-Jan-13-0006-R),

as well as various phosphatases (PP2C) and protein kinases

(SnRK2). Chemical genetic screens have become pivotal in
identifying crosstalk between various signaling networks of

major hormones. Using pyrabactin, a selective ABA ago-

nist, in a chemical genetic screen, a PYRBACTIN RESIS-
TANCE 1 mutant allele (pyr1) was cloned and identified as

a component of ABA receptor complex (Park et al. 2009).

PYR1 and PYR1-Like (PYL) genes form a multigene family
consisting of 14 members with redundant functions. Only

triple and quadruple pyr1 and pyl mutants are insensitive to

ABA and expression of PYR1 or PYL4 reverts the pheno-
type. Thus, the PYR1/PYL/REGULATORY COMPO-

NENTS OF ABA RECEPTORS (RCAR) (PYR/PYL/

RCAR) protein family has been identified as one of the
components of ABA receptors (Gonzalez-Guzman et al.

2012). Another study confirmed the network structure of

ABA core signaling pathway and suggested that type 2C
protein phosphatase (PP2C)–SnRK2 protein kinase com-

plex is a downstream component of PYR/PYL/RCAR
receptors (Ma et al. 2009). From the screening of 9,600

chemical compounds, another small molecule named

DFPM was shown to downregulate ABA-dependent gene
expression. Its effect was not through PYR/PYL/RCAR

receptors but mainly through disruption of cytosolic cal-

cium signaling (Kim et al. 2011). With the identification of
(PP2C)–SnRK2 protein kinase complex as downstream

components of PYR/PYL/RCAR receptors (Umezawa

et al. 2009, reviewed by Umehara et al. 2010), there is a
clearer, although far from complete, picture emerging.

Fig. 1 Selected hormonal crosstalk events related to stress response.
The central roles played by abscisic acid (ABA) and gibberellins
(GA) in regulating the stress responses are evident from the
interactions surrounding DELLA repressors. The DELLA proteins
establish important crosstalk with auxin, ethylene and jasmonates
(JA) as well. While ABA and cytokinin crosstalk, they also interact
with auxins and brassinosteroids to mutually influence stress
responses in plants. The interaction map shown is only a portion of
the intricate web of signal crosstalk occurring in plants subjected to
stress. This is further highlighted by the modulation of biosynthesis of

salicylic acid (SA) by ethylene. Various other crosstalk points are
being discovered continually, and these can provide valuable
strategies for genetic improvement of crop plants in the future. The
various plant hormones and their respective signaling intermediates
forming the network are shaded differently. Arrows indicate positive
effects (accumulation of transcript and/or protein and hormone level,
respectively; activation through interaction, etc.), blocked arrows
indicate negative effects and dashed lines indicate other forms of
interaction
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