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The apical hook is an essential structure that enables epigeal plants to protrude through the soil. Arabidopsis thaliana HOOKLESS1
(HLS1) is reported to be a key regulator of hook development and a direct target gene of the ethylene (ET)-activated transcription
factors ETHYLENE INSENSITIVES (EIN3) and its close homolog EIN3-Like1. Previous research has shown that the phytohormones
jasmonate (JA) and ET antagonistically regulate apical hook development, although the underlying molecular mechanism is largely
unknown. Here, we report that JA represses hook formation by reducing HLS1 expression. Our results further reveal that the JA-
activated transcription factor MYC2 represses EIN3 function to reduce HLS1 expression through at least the following two layers of
regulation: (1) MYC2 binds to the promoter of an F-box gene, EIN3 BINDING F-BOX PROTEIN1, to induce its expression and thus
promote EIN3 degradation; and (2) MYC2 physically interacts with EIN3 and inhibits its DNA binding activity. Collectively, our
findings shed light on the molecular mechanism underlying the antagonism between JA and ET during apical hook development
and provide insight into the coaction of multiple phytohormones in the regulation of plant growth and development.

INTRODUCTION

To protect apical meristematic tissues and cotyledons (embryonic
leaves) from damage during germination, many epigeal plants
have evolved an elegant organ named the apical hook. Etiolated
Arabidopsis thaliana seedlings form an apical hook with closed
cotyledons, which open upon exposure to light to facilitate pho-
tosynthesis (Liscum and Hangarter, 1993). Light and several plant
hormones have been found to regulate apical hook development.
Ethylene (ET) and gibberellins (GAs) are two major positive regu-
lators of hook formation, while light, brassinosteroids, and jasm-
onate (JA) are negative regulators (Liscum and Hangarter, 1993;
Turner et al., 2002; Alabadi et al., 2004; Li et al., 2004; Vriezen
et al., 2004; De Grauwe et al., 2005).

The formation of an apical hook is a consequence of differential
cell growth (Raz and Ecker, 1999), in which the plant hormone
auxin is reported to play a major role. HOOKLESS1 (HLS1),
a protein with similarity to N-acetyltransferase, has been iden-
tified as a key modulator of auxin distribution and responses
during apical hook formation of Arabidopsis seedlings (Roman
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et al., 1995; Lehman et al., 1996). The loss-of-function mutant
his1-1 fails to form an apical hook when grown in darkness, and
such a hookless phenotype is also observed upon inhibition of
auxin transport or alteration of auxin distribution (Lehman et al.,
1996). ET promotes HLS1 transcript accumulation via ETHYLENE
INSENSITIVE3 (EIN3), which directly binds to its promoter, thus
leading to exaggerated hook curvature (Lehman et al., 1996;
Chang et al., 2013). Our recent work demonstrates that GA pro-
motes hook formation partly by inducing the expression of HLS1
via relieving the repression of DELLA proteins on EIN3 (An et al.,
2012). These results indicate that HLS1 is a central regulator of
multiple signaling pathways in the control of auxin-induced dif-
ferential cell growth during apical hook development.

ET is a gaseous hormone that widely regulates plant growth
and development (Johnson and Ecker, 1998). A typical ET re-
sponse is the so-called “triple response,” including shortened root
and hypocotyl as well as exaggerated hook curvature of etiolated
seedlings (Roman et al., 1995). Several ET signaling components
have been uncovered through forward genetics approaches
(Roman et al., 1995; Alonso et al., 2003). The ethylene receptors
(ETR1, ETR2, ERS1, ERS2, and EIN4) and CONSTITUTIVE
TRIPLE RESPONSE1 (CTR1) are negative regulators of ET sig-
naling, whereas EIN2, EIN3, and EIN3-Like1 (EIL1) are positive
regulators. EIN3 and EIL1 are two crucial transcription factors
that regulate most, if not all, of the ET-responsive phenotypes
(Chao et al., 1997; Alonso et al., 2003; An et al., 2010). ET ac-
tivates EIN3 and EIL1 by increasing their protein stability. In the
absence of ET, EIN3 and EIL1 are subject to proteasomal deg-
radation mediated by two F-box proteins, EIN3 BINDING F-BOX
PROTEIN1 (EBF1) and EBF2 (Guo and Ecker, 2003; Potuschak
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et al., 2003; Olmedo et al., 2006). ET treatment reduces the stability
of EBF1/2, which results in EIN3/EIL1 accumulation (An et al., 2010).
EIN3 binds to the EBF2 promoter and activates EBF2 transcription
(Konishi and Yanagisawa, 2008), which forms a negative feedback
loop that fine-tunes the accumulation of EIN3/EIL1.

JA is another plant hormone that regulates myriad de-
velopmental processes, the wound response, and pathogen de-
fense (Browse, 2009). After synthesis, JA is conjugated with lle to
form JA-lle, which is the bioactive form of JA in plants (Staswick
et al., 2002; Staswick and Tiryaki, 2004; Fonseca et al., 2009).
CORONATINE INSENSITIVE1 (COI1), an F-box protein, has been
identified through JA-insensitive mutant screening (Benedetti
et al., 1995; Xie et al., 1998). JASMONATE ZIM-DOMAIN PRO-
TEINS (JAZs) are the direct targets of COI1 and are degraded very
quickly upon JA treatment (Chini et al., 2007; Thines et al., 2007;
Yan et al., 2007). A number of JAZ-interacting transcription fac-
tors have been isolated, including MYC2/MYC3/MYC4 (Cheng
et al., 2011; Fernandez-Calvo et al., 2011; Niu et al., 2011), R2R3-
MYB TRANSCRIPTION FACTOR21/24 (MYB21/MYB24) (Song
et al., 2011), EINS/EIL1 (Zhu et al., 2011), and TRANSPARENT
TESTA8/GLABRA3/ENHANCER OF GLABRA3/MYB75/GLABRA1
(Qi et al., 2011) complexes and INDUCER OF CBF EXPRESSION1
(ICE1) and ICE2 (Hu et al., 2013). JAZs repress their target tran-
scription factors through directly or indirectly recruiting TOPLESS
corepressor protein or interacting with HISTONE DEACETY-
LASE6 (HDAG®) to inhibit transcription (Pauwels et al., 2010; Zhu
et al., 2011; Shyu et al., 2012). Crystallographic analysis shows
that COI1 and JAZs together constitute the coreceptor for JA-lle
(Yan et al., 2009; Sheard et al., 2010). Binding of JA-lle to this
coreceptor stimulates COI1-JAZs interaction via a “molecular
glue” mechanism and thus promotes JAZ degradation (Sheard
et al., 2010). The removal of JAZs thus derepresses the above-
mentioned transcription factors to activate their downstream
genes and produce different JA responses.

ET and JA are found to coordinately (cooperatively or antag-
onistically) regulate plant growth, development, and pathogen
defense responses (Dong, 1998; Li and Guo, 2007). Both ET and
JA treatment induce the expression of pathogen-responsive
genes, such as ETHYLENE RESPONSE FACTORT1 (ERFT1), a di-
rect target of EIN3/EIL1 (Solano et al., 1998; Lorenzo et al.,
2003). We previously identified EIN3/EIL1 as a novel class of
JAZ-interacting proteins and further demonstrated that both JA
and ET signaling are required for activating EIN3/EIL1 to in-
tegrate jasmonate-ethylene (JA-ET) coaction in the plant de-
fense responses and root hair development (Zhu et al., 2011).

Nonetheless, the molecular basis for JA-ET antagonism is
largely unclear. Here, we show that HLS1 is a necessary com-
ponent for JA-ET antagonism in hook development. JA reduces
HLS1 expression and hook curvature angles even in the pres-
ence of ET. We next reveal that JA attenuates HLS7 expression
through repressing EINS/EIL1 activity. JA treatment promotes
EIN3/EIL1 proteolysis, which is dependent on SCFEBF!, We fur-
ther find that the basic/helix-loop-helix transcription factor MYC2
is necessary for this antagonistic effect and that JA activates
MYC2 to positively regulate EBF1 expression by directly binding
to its promoter. Besides this layer of regulation, MYC2 can also
physically interact with EIN3 and directly inhibit its transcriptional
activity.

RESULTS

JA Antagonizes ET-Induced Hook Formation in an
HLS1-Dependent Manner

It has been reported that JA represses the ET-induced exaggerated
hook in ecotype Columbia-0 (Col-0) and ctr1-1 (Turner et al., 2002).
To illustrate the molecular framework of the JA-ET interaction in
regulating hook development, we first examined the hook curvature
phenotypes in various ET or JA response mutants. As shown in
Figure 1, 3-d-old etiolated wild-type (Col-0) seedlings showed ex-
aggerated hooks when grown on 1-aminocyclopropane-1-carboxylic
acid (ACC; an ET biosynthesis precursor) medium compared
with normal growth conditions (Murashige and Skoog [MS]
medium), while the apical hook was dramatically inhibited when
plants were grown on JA medium (Figures 1A to 1C). Moreover,
JA partly repressed the ET-induced exaggerated hooks when
plants were grown on ET plus JA medium (Figure 1D). The JA
receptor-defective mutants (coi7-2) formed exaggerated hooks
on ACC medium (Figures 1E and 1F) but were not responsive to
JA, as expected (Figure 1G). Simultaneous treatment with JA
and ET still resulted in coi-2 forming exaggerated hooks (Figure
1H; also see the quantitative results in Supplemental Figure 1),
suggesting that the JA repression of hook formation is COI1 de-
pendent. We next examined the hook phenotypes in the constitu-
tively activated ethylene signaling mutants ctr7-1 and 35S:EIN3
(referred to as EIN3ox). We found that JA treatment repressed the
exaggerated hook of ctri-1 etiolated seedlings grown on MS me-
dium supplemented with or without ET (Figures 1K and 1L). EIN3ox
showed exaggerated hooks in the absence of ET treatment
(Figure 1M) and formed an extremely short, bent hypocotyl in the
presence of ET (Figure 1N). This unusual hook phenotype is
probably due to the fact that overactivated ET signaling leads to
a distorted hypocotyl and seedling structure, which is also ob-
served in the ebf1 ebf2 double mutant (Potuschak et al., 2003;
Olmedo et al., 2006). When compared with seedlings grown
under normal growth conditions, JA was also able to partially
repress the exaggerated hook of EIN3ox (Figures 1M and 10;
Supplemental Figure 1). These results suggest that a COI1-
mediated JA pathway antagonizes an EIN3-mediated ET path-
way in the regulation of hook curvature.

Given that HLS1 is an essential regulator integrating multiple sig-
naling pathways involved in hook formation, we then tested whether
HLS1 is involved in JA-ET antagonism in hook development. Our
results showed that, compared with wild-type seedlings, his1-1 was
not responsive to ET, JA, or their combined treatment with regard to
the apical hook phenotype (Figures 1Q to 1T). This result suggests
that HLS1 acts as a common regulator of the JA-ET antagonism
in hook formation.

JA Downregulates HLS1 Expression through Inhibiting
EIN3/EIL1 Functions

Next, we sought to explore how JA represses hook formation. Given
that HLS1 is necessary for the JA-ET antagonism (Figures 1Q to 1T)
and that ET treatment induces HLS7 expression (Lehman et al.,
1996), we investigated whether JA treatment alters the expression
of HLS1. By quantitative RT-PCR (gRT-PCR) analysis, we found
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Figure 1. JA Represses ET-Induced Hook Formation.

Three-day-old etiolated seedlings were grown on MS, 10 uM ACC, 50
rM JA, or 10 uM ACC plus 50 nM JA medium. Representative images of
Col-0 ([A] to [D]), coi1-2 ([E] to [H]), ctr1-1 ([1] to [L]), EIN3ox ([M] to [P]),
and his7-1 ([Q] to [T]) hooks are shown. Bar = 1 mm.

[See online article for color version of this figure.]

that ET rapidly induced HLS1 expression (within 1 h), which reached
a maximal steady level after 2 h and declined slightly after 6 h of ET
treatment. By contrast, JA constantly reduced HLS7 expression
and also suppressed ET-induced HLST expression (Figure 2A).
Additionally, we generated transgenic plants harboring ProHLS1:
GUS (in which B-glucuronidase gene expression is driven by the
HLS1 promoter) and detected the GUS activity. Consistent with
the gRT-PCR results, ET induced GUS expression in the apical
hook and cotyledons, while JA strongly repressed it (Figure 2B).

Our previous study and a recent EIN3 chromatin immunopre-
cipitation sequence analysis revealed that HLS7 is a direct target
of EIN3/EIL1 (An et al., 2012; Chang et al., 2013). Therefore, we
tested whether JA-repressed HLS1 expression is also mediated
by EIN3/EIL1. We found that JA-repressed HLS1 expression
was largely dependent on EINS/EIL1, as its expression declined
to a much smaller extent in ein3 eil1 than in Col-0 after JA treat-
ment (Figure 2C). This result indicates that EIN3/EIL1 are crucial
transcription factors in the JA-mediated repression of HLS1
expression.

JA Promotes EIN3/EIL1 Degradation via SCFEBF1/2

We further assessed whether JA represses HLS1 expression through
modulating EIN3/EIL1 function. A principal regulatory mechanism of
EIN3/EIL1 function is to alter their protein stability, which can be
triggered by environmental stimuli or plant hormones (Guo and
Ecker, 2003; Potuschak et al., 2003; Yanagisawa et al., 2003;

JA-ET Antagonism in Hook Development 1107

Lee et al., 2006; Zhong et al., 2009). We then examined whether
JA represses the function of EIN3/EIL1 by affecting the stability
of these proteins. We first detected the endogenous EIN3 pro-
tein abundance in Arabidopsis suspension cell cultures derived
from the wild type and found that ET augmented EIN3 accu-
mulation, as reported previously, whereas JA decreased EIN3
abundance (Figure 3A). We also found that JA repressed estradiol-
induced EIN3-3XFLAG protein accumulation in a dosage-dependent
manner in pER8:EIN3-3XFLAG/Col-0 transgenic plants (Figure 3B).
Moreover, we generated transgenic plants expressing an EIN3-GUS
fusion driven by its native promoter or an EIN3-FLAG fusion driven by
the constitutive 35S promoter in the ein3 eil1 background (ProEIN3:
EIN3-GUS/ein3 eil1 and 35S:EIN3-3XFLAG/ein3 eil1, respectively).
We found that ACC treatment enhanced GUS activity or EIN3-
FLAG accumulation but JA treatment decreased it (Figure 3C;
Supplemental Figure 2A). Finally, we examined the level of EIL1
after JA treatment by detecting EIL1-GFP fluorescence in EIL1-GFP
transgenic plants and found that ACC strongly promoted GFP
signal accumulation, whereas JA reduced it (Figure 3D). Collectively,
these results indicate that JA promotes EIN3/EIL1 degradation.
EINS/EIL1 are subjected to proteasomal degradation mediated
by two F-box proteins, EBF1 and EBF2, in the ET signaling
pathway. To determine whether JA-triggered EIN3/EIL1 degra-
dation also occurs via the EBF1/2-proteasome pathway, we in-
troduced inducible EIN3 into the ein3 eil1 ebf1 ebf2 background,
which lacks both EBF1 and EBF2 functions (An et al., 2010). After
estradiol induction, we treated plants with JA at different time
points and found that the level of EIN3 remained unchanged
(Supplemental Figure 2B), in contrast with the evident decline in
the wild-type background (Figure 3B). Therefore, we conclude that
JA promotes EIN3/EIL1 protein degradation through SCFEBF172,

JA Activates MYC2 to Induce EBF1 Expression

To unravel how JA regulates EIN3/EIL1 degradation through
SCFEBF12 e first determined whether JA regulates the ex-
pression of EBF1 and EBF2. Using qRT-PCR, we observed the
induction of EBF1 but not EBF2 by JA and found that this induction
was largely diminished in myc2-2 (Figure 4A; Supplemental
Figure 3). MYC2 is an important transcription factor mediating
multiple JA responses (Kazan and Manners, 2013). Sequence
analysis revealed that two putative MYC2 binding sites (MBS1
and MBS2; CACATG) were present in the promoter of EBFT1,
suggesting that MYC2 may directly bind to the promoter of
EBF1 (Figure 4B). To test this possibility, we expressed and
purified GST-MYC2 (amino acids 285 to 623; the DNA binding
domain of MYC2) and performed an electrophoretic mobility
shift assay (EMSA). Our results showed that MYC2 (amino acids
285 to 623) bound to both MBS1 and MBS2 in vitro (Figure 4C)
and that the affinity for MBS1 was stronger than that for MBS2.
Further in vivo chromatin immunoprecipitation-PCR (ChIP-PCR)
analysis showed that Myc-tagged MYC2 (35S:MYC2-4XxXMyc
transgenic plants, referred to as MYC2-myc) preferentially bound
to MBS1 after JA treatment (Figure 4D). In addition, we found that
the protein stability of EBF1 is not affected by JA treatment
(Supplemental Figure 4). Combining the results of in vitro EMSA
and in vivo ChIP-PCR assays, we conclude that EBF1 is targeted
directly by MYC2.
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Figure 2. JA Represses HLS1 Expression through EIN3/EIL1.
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(A) gRT-PCR shows that JA suppresses ET-induced HLS1 expression. Three-day-old etiolated Col-0 was treated with 100 uM ACC, 100 uM JA, or
100 wM ACC plus 100 uM JA for the indicated number of hours. HLS7 expression level was detected and normalized to TUB2. Values shown are

means * sp; n = 3.

(B) ProHLS1:GUS expression assay. Three-day-old etiolated ProHLS1:GUS seedlings grown on MS, 10 uM ACC, 50 .M JA, or 10 uM ACC plus 50 uM
JA medium were stained with GUS staining solution for 4 h. Representative images were taken to record expression. Bar = 0.5 mm.

(C) gRT-PCR analysis of HLS1 expression. Three-day-old etiolated Col-0 or ein3 eil1 seedlings were treated with the indicated concentrations of JA for
4 h. HLS1 expression was normalized with TUB2. Values shown are means = sp; n = 3.

[See online article for color version of this figure.]

To explore whether MYC2 or EBF1 is required for JA-mediated
EIN3 turnover, we examined EIN3 abundance in Col-0, ebf1-1,
and myc2-2 seedlings and found that EIN3 was degraded in
Col-0 after JA treatment even in the presence of ACC, while it
remained unchanged in ebf71-1 or myc2-2 after JA treatment
(Figure 4E). Based on these results, we conclude that JA pro-
motes EIN3/EIL1 degradation dependent on both MYC2 and
EBF1, likely by activating MYC2 and thereby inducing EBF1
expression.

Since JA-induced EIN3 degradation is dependent on MYC2
and EBF1, we next examined whether the myc2-2 or ebf1-1
mutant is insensitive to JA treatment in terms of the JA-
repressed hook curvature phenotype. Statistical analysis of
hook curvature showed that myc2-2 was insensitive to various
concentrations of JA while ebf1-1 was still responsive to JA,
although to a lesser extent (Figure 4F). This result implies the
existence of an alternative pathway downstream of MYC2 that
bypasses the SCFEBF1-EIN3 degradation module to repress
EIN3 function.

MYC2 Physically Interacts with EIN3

Mutual interactions between transcription factors widely exist in
mediating signal transduction. It has been reported that MYC2
interacts with several MYB transcription factors to regulate
glucosinolate synthesis (Schweizer et al., 2013), while EIN3 inter-
acts with the basic/helix-loop-helix transcription factor FER-LIKE
FE DEFICIENCY-INDUCED TRANSCRIPTION FACTOR to reg-
ulate plant iron acquisition (Lingam et al., 2011). We propose
that MYC2 physically interacts with EIN3. To test this possibility,
we expressed and purified glutathione S-transferase-tagged
EIN3 (GST-EIN3) and maltose binding protein-tagged MYC2
(MBP-MYC2) and performed a pull-down assay using these
protein fusions. After immobilization of GST-EIN3, MBP-MYC2
can be detected in the pull-down product, indicating that EIN3
and MYC2 interact in vitro (Figure 5A). We next conducted
a firefly luciferase (LUC) complementation imaging assay to
demonstrate this interaction in vivo. Constructs harboring EIN3
fused with the N terminus of LUC (EIN3-nLUC) and the C terminus
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(A) and (B) The levels of EIN3 are downregulated by JA treatment. Either cultured suspension cells (A) or transgenic plants harboring inducible EIN3-
3XFLAG (with 10 wM B-estradiol preinduction for 4 h before JA treatment) (B) were treated with JA for 4 h. Protein extracts were probed with either anti-
EIN3 (A) or anti-FLAG (B) antibody, respectively. Cross-reacting nonspecific bands were used as loading controls. Arrows define the corresponding

proteins.

(C) GUS activity in ProEIN3:EIN3-GUS/ein3 eil1. Seedlings were treated with 100 uM ACC or 100 wM JA for 4 h. Values shown are means = sp; n = 5.
(D) Green fluorescence was observed in 7-d-old EIL71-GFP seedlings after 4 h of treatment with 100 wM ACC or 100 M JA. Bar = 100 pm.

[See online article for color version of this figure.]

of LUC fused with MYC2 (cLUC-MYC2) were coinfiltrated into
Nicotiana benthamiana leaves to transiently coexpress these
two fusion proteins. A luminescence signal was only detected in
EIN3-nLUC/cLUC-MYC2 coexpression regions but not in the
negative controls (Figure 5B). Consistent with this transient in-
teraction assay, we also detected the EIN3-MYC2 interaction in
a coimmunoprecipitation (co-IP) experiment (Figure 5C). In this
experiment, we utilized MYC2-Myc transgenic plants and at-
tempted to immunoprecipitate MYC2-Myc and then detected
EIN3 in the immunoprecipitation products. Because the en-
dogenous EIN3 level is very low (Guo and Ecker, 2003) and
MYC2 tends to interact with JAZ proteins in the absence of JA
treatment, we pretreated plant tissues with ACC (100 uM) to
stabilize EIN3 and JA (10 wM) to activate MYC2 and then per-
formed co-IP experiments. Our results showed that EIN3 could
be detected in the co-IP products. Taken together, we conclude
that MYC2 physically interacts with EIN3.

MYC2 Inhibits EIN3 DNA Binding Activity

To establish the consequences of the MYC2-EIN3 interaction, we
first analyzed the hook phenotypes of the mutants lacking MYC2
and/or EIN3/EIL1 activity. By comparing the myc2-2, ein3 eill,
and myc2 ein3 eil1 mutants upon ET or JA treatment, we found
that the hook curvature of myc2-2 was insensitive to JA but re-
sponsive to ET (Figure 6A), indicative of the essential role of
MYC2 in JA regulation. Although ein3 eil7 was completely in-
sensitive to ET, it still responded to JA in a dosage-dependent
manner (Figure 6A). Together with the finding that JA was still able
to inhibit HLS 7 expression in ein3 eil1 (Figure 2C), this observation
suggests the existence of an alternative pathway mediating the

repressive effect of JA on hook development when EIN3/EIL1
function is lacking. Furthermore, we found that myc2 ein3 eil1
showed almost an identical hook phenotype regardless of ET or
JA treatment (Figure 6A), demonstrating that MYC2 and EIN3/
EIL1 are essential signaling components in the regulation of hook
curvature by JA and ET.

Because EIN3 associates with the promoter of HLS1 to induce its
transcription (An et al., 2012), we next examined whether MYC2-
EIN3 binding affects EIN3 association with the HLS7 promoter.
Using competition EMSA experiments, we found that the addition
of a small amount of MYC2 enhanced EIN3 binding to the HLS1
promoter sequence (Figure 6B). We speculate that a low dosage of
MYC2 may facilitate the formation of EIN3 homodimers and thus
enhance its DNA binding ability, although further evidence is
needed to verify this speculation and its possible biological mean-
ing. Nonetheless, with the increase in MYC2 amount, the EIN3 DNA
binding ability drastically decreased (Figure 6B). We failed to detect
any binding of MYC2 to the HLS7 promoter sequence used, even in
the presence of a large amount of MYC2 (Figure 6B), suggesting
that MYC2 likely modulates in vitro EIN3 DNA binding via the
MYC2-EIN3 interaction rather than through direct binding. Further
support came from MYC2 ChIP-PCR experiments demonstrating
that none of the HLS1 fragments throughout its promoter region
were enriched by MYC2 (Supplemental Figure 5B).

To further investigate the biological consequence of the
MYC2-EINS interaction, we employed a dual-luciferase reporter
approach (Hellens et al., 2005) to determine the effect of MYC2
on EINS activity in vivo. In this experiment, the HLS1 promoter-
driven firefly luciferase reporter (ProHLS1:LUC) and 35S pro-
moter-driven Renilla luciferase (35S:REN; as an internal control)
were constructed in the same plasmid and transiently expressed
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Figure 4. MYC2 Directly Regulates EBF1 Expression upon JA Treatment.

(A) Three-day-old etiolated seedlings of Col-0 and myc2-2 were treated with the indicated concentrations of JA for 1 h. The relative expression of EBF1
was detected and normalized to TUB2. Values shown are means * sp; n = 3.

(B) Schematic illustration of the two putative MYC2 binding sites (CACATG) in the promoter region of EBF1.

(C) EMSA results show that MYC2 binds to the promoter of EBF1. Hot MBS is biotin-labeled MBS probe, while cold MBS is nonlabeled probe for competition
(200-fold that of hot MBS). A MYC2 fragment (amino acids 285 to 623) containing the DNA binding domain was purified from E. coli and used for DNA binding assays.
(D) ChIP-PCR shows the in vivo binding of MYC2 with MBS. Cross-linked chromatins extracted from MYC2-Myc were precipitated with anti-MYC antibody.
Eluted DNA was subjected to ampilification of the neighboring sequences of MBS1 and MBS2 by quantitative PCR. Col-0 plants were used as negative controls.
(E) Protein extracts of 3-d-old etiolated Col-0, ebf1-1, or myc2-2 seedlings treated with the indicated hormones for 4 h were probed with anti-EIN3 or
anti-HSP90 antibody (loading control). Arrows define the corresponding proteins.

(F) Quantification of the hook curvature phenotype. Etiolated Col-0, myc2-2, and ebf1-1 seedlings were grown on the indicated media for 3 d, and then
the angles of curvature were measured using Imaged software. Statistical significance was determined using Student’s t test (**P < 0.001). Values
shown are means * sg; n = 20.

[See online article for color version of this figure.]
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Figure 5. MYC2 Physically Interacts with EIN3.

(A) A pull-down assay shows that EIN3 interacts with MYC2. GST fusion proteins were immobilized with Glutathione Sepharose 4B resin, and then MBP
fusion proteins were mixed with the corresponding resin. The precipitated products were separated by 10% SDS-PAGE and further blotted with anti-
MBP or anti-GST antibody, respectively. Arrows define the corresponding proteins.

(B) A luciferase complementation imaging assay shows that EIN3 and MYC2 interact with each other in N. benthamiana leaves. Agrobacterium strain
GV3101 harboring different construct combinations was infiltrated into different N. benthamiana leaf regions. After 3 d of infiltration, luciferase activities

were recorded in these regions. cps indicates signal counts per second.

(C) A co-IP assay shows the interaction between EIN3 and MYC2 in vivo. Three-day-old seedlings of Col-0 and MYC2-Myc were pretreated with 10 nM
JA and 100 wM ACC. Plant extracts were then immunoprecipitated using anti-MYC antibody, separated on a 10% SDS-PAGE gel, and blotted with anti-

MYC or anti-EIN3 antibody. Arrows define the corresponding proteins.

in N. benthamiana leaves. We monitored the LUC:REN ratio, which
reflects in vivo EIN3 activity, when EIN3 and/or MYC2 were
coexpressed. As expected, coexpression of EIN3 with ProHLS1:
LUC was able to increase the LUC:REN ratio (Figure 6C). Strik-
ingly, coexpression of MYC2 also increased the LUC:REN ratio in
the absence of JA treatment, and the increase was more evident
upon coexpression of MYC2 plus EIN3 (Figure 6C), which was in
accordance with the enhancement of EIN3 DNA binding ability
upon the addition of a small amount MYC2 in the EMSA experi-
ment (Figure 6B). Nevertheless, JA treatment markedly repressed
EIN3 activity, especially when MYC2 was coexpressed, conditions
that inhibited the association between MYC2 and JAZ (Figure 6C).

Taken together, we conclude that JA-activated MYC2 represses
EIN3 transcriptional activity through directly interacting with EIN3.

DISCUSSION

Plants have evolved several classes of phytohormones to regulate
growth, development, and tolerance to environmental stresses.
Two classes of plant stress hormones, ET and JA, are widely
studied for their coactions. For instance, they interdependently and
synergistically regulate pathogen-responsive gene expression and

plant defense against fungal pathogens through a derepression
mechanism (Lorenzo et al., 2003; Zhu et al., 2011). However, the
antagonism between these two hormones is poorly understood.
In this work, we present a model that provides two mechanistic
explanations for the JA-ET antagonism in hook development
(Figure 7). In this model, ET initiates a signaling pathway to
stabilize EIN3/EIL1 proteins, which directly induce the tran-
scription of HLS7. HLS1 regulates the asymmetric auxin distri-
bution in an unknown manner and ultimately leads to differential
cell growth on the two sides of the apical hook (Lehman et al.,
1996; Raz and Ecker, 1999; Li et al., 2004). In contrast with ET,
JA represses the functions of EIN3/EIL1 in two different ways.
On the one hand, JA promotes EIN3/EIL1 degradation by in-
ducing the expression of the F-box gene EBF1 via the activation
of MYC2, which results in decreased expression of HLS7. On
the other hand, JA-activated MYC2 can directly interact with
EIN3 and repress its activity. These two layers of regulation on
EIN3 activity contribute to the repression of ET-induced hook
formation.

One of the most critical regulators of hook formation is HLS1,
which integrates several signaling pathways, including auxin,
GA, ET, and light. Our previous studies showed that ET and GA
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Figure 6. MYC2 Interferes with EIN3 DNA Binding and Transcriptional Activities.

(A) Quantification of the hook curvature phenotype. Etiolated Col-0, myc2-2, ein3-1 eil1-1, and myc2 ein3 eil1 seedlings were grown on the indicated
media for 3 d, and then the angle of curvature was measured. Statistical significance was calculated between different media and MS medium within the
same genotype and was determined using Student’s t test (**P < 0.01, **P < 0.001). Values shown are means * sg; n = 20.
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Figure 7. A Working Model Depicting the Molecular Framework of JA-ET
Antagonism in Hook Development.

ET stabilizes EIN3/EIL1 proteins, which directly induce the transcription
of HLS1, an essential positive regulator of hook development. By con-
trast, JA promotes EIN3/EIL1 degradation by inducing EBF1 expression
via the activation of MYC2, an important transcription factor in the JA
pathway. Meanwhile, JA-activated MYC2 represses EIN3 transcriptional
activity via direct protein—-protein interaction. These two layers of regu-
lation finally repress ET-mediated hook development.

[See online article for color version of this figure.]

coordinately regulate hook curvature by inducing HLS7 ex-
pression (An et al., 2012). This work demonstrates that the JA-
mediated repression of hook formation is also dependent on
HLS1. We further show that JA reduces HLS1 expression largely
by repressing EIN3/EIL1 functions, including both quantity (protein
level) and quality (transcriptional activity). Several lines of evidence
enabled us to conclude that JA promotes EIN3/EIL1 degradation in
an SCFEBF-dependent manner. Therefore, the JA-ET antagonism
in hook development is partly due to the opposite effect that these
two hormones have on EIN3/EIL1 protein stability: ET stabilizes
their accumulation, whereas JA promotes their degradation.
Therefore, this work reinforces the role of HLS1 as a key regu-
lator of hook development and provides a molecular framework
for the antagonistic control of HLS1 function by ET and JA.
Our study demonstrates that a JA-activated transcription factor
(MYC2) represses ET-activated transcription factors (EIN3/EIL1) in
the regulation of HLS1 expression and hook development (Figure 7).
It has been reported that the expression level of JA-induced
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pathogen-responsive genes (ERF1 and its target gene PDF1.2)
is much higher in myc2 than in the wild type (Lorenzo et al.,
2004; Dombrecht et al., 2007). Because ERF1 is also a direct
target of EIN3 (Solano et al., 1998), these results suggest that
MYC2 antagonizes EIN3/EIL1 function probably not only with re-
spect to HLS1 expression (in hook development) but also with re-
spect to ERF1 expression (in pathogen defense). In agreement with
our study, a recent report also demonstrated that MYC2/3/4 inter-
acts with EIN3/EIL1 and represses EIN3/EIL1 transcriptional activity,
and vice versa, in the regulation of hook development and defense
against insects (Song et al., 2014).

Interestingly, ERF1 was reported to be induced by both ET and
JA and to serve as the integration node for JA-ET coaction in
fungal resistance (Solano et al., 1998; Lorenzo et al., 2003). We
previously revealed that both ET- and JA-induced ERF1 expres-
sion is EIN3/EIL1 dependent and that JA is able to enhance EIN3/
EIL1 function by removing JAZs-HDA6 repressors (Zhu et al.,
2011). However, as we show in this study, JA negatively regulates
EINS/EIL1 stability, which is in contrast with its positive regulation
of EIN3/EIL1 function. To reconcile these seemingly contradictory
findings, we hypothesize that JA exerts a dual effect on the
function of EIN3/EIL1: the initial or low JA signal activates EIN3/
EIL1 through a derepression mechanism (by removing JAZs/
HDAG6-mediated repression) (Zhu et al., 2011), while the sustained
or strong JA signal starts to promote EIN3/EIL1 proteolysis by
inducing the expression of the F-box protein (EBF1) via the MYC2
pathway. By analogy, ET also has a dual effect on EIN3/EIL1
function: the initial or low ET signal activates EIN3/EIL1 by de-
stabilizing EBF1/2 proteins (An et al., 2010), while the sustained or
strong ET signal suppresses EIN3/EIL1 accumulation by inducing
EBF2 transcription (Konishi and Yanagisawa, 2008). The latter
negative regulations executed by JA or ET are expected to either
prevent the overaccumulation of EIN3/EIL1 or desensitize the
activated pathway for the next round of responses.

The mode of JA-ET coaction (either cooperative or antago-
nistic) is thus determined by the overall effect of JA, which de-
pends on the kinetics or strength of hormone treatment as well
as the expression and/or activity of MYC2 and JAZs/HDAG in
different tissue types or at different developmental stages. In
agreement with this hypothesis, ERF1 expression is rapidly induced
by JA treatment (within 30 min), peaks after 6 h, and declines after
10 h (Lorenzo et al., 2003). Nevertheless, JA constantly down-
regulates HLS1 expression even after a brief treatment (Figure 2A),
which is distinct from its action on ERF1 expression. Since HLS1 is
expressed only in the apical hook region, as shown by ProHLS:
GUS expression analysis (Figure 2B), we assume that the different

Figure 6. (continued).

(B) EMSA results show that MYC2 affects the binding of EIN3 to the HLS7 promoter. Forty picomoles of EIN3 (amino acids 82 to 352) was added to the
reaction (lanes 2 to 7). A gradient concentration of MBP-MYC2 was applied (20 pmol for lane 4, 40 pmol for lane 5, and 80 pmol for lanes 6, 8, and 9).

Eighty picomoles of MBP was added to the reaction as a negative control.

(C) Transient dual-luciferase reporter assay. Agrobacterium strain GV3101 carrying the reporter plasmid together with different combinations of effector
plasmids was infiltrated into N. benthamiana leaves, and the luciferase activity at the sites of infiltration was measured 3 d after infiltration. The activities
of firefly luciferase and Renilla luciferase were measured sequentially, and the LUC:REN ratio was calculated as the final transcriptional activity. Values

shown are means + sp; n = 5.
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expression patterns of these two genes is probably caused by
a tissue-specific mechanism. For instance, it is plausible that the
derepression of EIN3/EIL1 by JA is trivial, while the proteolysis
mechanism predominates in the apical hook region. Further in-
vestigations are needed to determine the expression/activity of
JAZs/HDAG6 and MYC2/EBF1 in the hook region. Taken together,
we propose that complicated modes of JA-ET interaction exist in
the regulation of diverse processes and that the final output of the
two hormones largely depends on the temporal features of hor-
mone signals as well as the cellular context of hormone perception.

METHODS

Plant Materials, Genetic Manipulation, and Growth Conditions

Arabidopsis thaliana ein3-1 eil1-1 (Alonso et al., 2003), ctr1-1 (Kieber et al.,
1993), EIN3ox (Chao et al., 1997), coi1-2 (Xu et al., 2002), myc2-2 (Lorenzo
et al., 2004), 35S:MYC2-4xXMYC (Chen et al., 2011), pER8:EIN3-3XFLAG
(Chen et al., 2009), ProHLS1:GUS, 35S:EIN3-FLAG/ein3-1 eil1-1, 35S:
EIL1-GFP, 35S:EIN3-GFP/ein3 eill, and pER8:EIN3-3 X FLAG/ein3-1 eil1-1
ebf1-1 ebf2-1 (An et al., 2010) were described previously. The myc2 ein3
eil1 triple mutants were generated by genetic crosses between myc2-2
and ein3-1 eil1-1 and further characterized by PCR-based genotyping of
the F2 population. Seeds were surface-sterilized with 10% bleach and
0.1% Triton X-100 for 5 min and washed with sterile water five times, then
placed on MS medium (4.4 g/L MS salt, 1.5% Suc, pH 5.7, and 0.8% agar)
with the indicated hormone treatment. After stratification for 3 d, these
plates were irradiated with white light for 3 h to promote germination and
then kept in darkness at 22°C for 3 d for observing the hook. Images of
hook phenotypes were recorded with a dissecting microscope (Olympus).

Solution Preparation

ACC and methyl jasmonate (MeJA) were purchased from Sigma-Aldrich.
ACC was dissolved in water to prepare 10 mM stock solution, while MeJA
was dissolved in absolute ethanol to prepare 100 mM stock solution. The
working solution was diluted from the stock solution. For the mock treat-
ment, ethanol was diluted in water at the same dilution fold as JA. MeJA was
used as the JA treatment in all studies here.

Hook Curvature Measurement

Images of individual hooks were acquired using a Canon DSLR camera with
a macro lens, and hook angles were then measured using the ImageJ
program (http://rsbweb.nih.gov/ij/). The bending angles were scored as
described in the literature (Vandenbussche et al., 2010).

Protein Extraction and Immunoblotting

Seedlings were ground in liquid nitrogen and suspended in protein ex-
traction buffer (50 mM Tris-Cl, pH 7.5, 1 M NaCl, 10% glycerol, 0.1% Tween
20, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and 1X protease in-
hibitor cocktail) by vortex. Extracts were kept on ice for 30 min and sep-
arated via centrifugation (13,000 rpm, 15 min, 4°C). The supernatant was
collected and mixed with 5X sample buffer (60 mM Tris-HCI, pH 6.8, 25%
glycerol, 2% SDS, 14.4 M mercaptoethanol, and 0.1% bromophenol) and
1 M DTT and boiled for loading on 10 or 12% SDS-PAGE gels to separate
proteins. Proteins were transferred to polyvinylidene fluoride membranes
(Millipore) following standard procedures. Anti-FLAG (Sigma), anti-MYC
(TDY Biotech), anti-HSP90 (Beijing Protein Innovation), and anti-EIN3 (Guo
and Ecker, 2003) antibodies were diluted 1000-fold with TBST buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 1% Tween 20) for incubation

with membranes. Goat anti-mouse (or anti-rabbit) horseradish peroxidase—
conjugated secondary antibody (Promega) was diluted 2500-fold with
TBST buffer.

RNA Extraction, Reverse Transcription, and Real-Time PCR

Total RNA was extracted from etiolated seedlings in Trizol reagent (Invi-
trogen). After digestion with DNase 1 (TaKaRa), total RNA was subjected to
reverse transcription at 42°C for 1 h using M-MLV reverse transcriptase
(Promega). The oligonucleotide sequences for all detected genes are listed
in Supplemental Table 1. Real-time PCR was performed on a Light Cycler
480 system (Roche) with SYBR Premix Ex Taq reagents (TaKaRa).

GUS Analysis

GUS activity was determined using 4-methylumbelliferyl-B-p-glucuronide
(200 M) as described (Zander et al., 2010). For GUS staining, seedlings
were incubated with GUS staining solution (100 mM NayPO,, pH 7.0,
1 mM EDTA, 1 mM potassium ferrocyanide, 1 mM potassium ferricyanide,
1% Triton X-100, and 1 mg/mL 5-bromo-4-chloro-3-indolyl-B-p-glucuronide)
for 4 to 6 h (depending on the reporter line) and washed with washing
solution (100 mM NazPO, and 1 mM EDTA), and photographs were taken
with a dissecting microscope (Olympus).

Protein Expression and Purification

The coding sequences of MYC2 (amino acids 285 to 623) and GFP were
digested with EcoRI-Sall and BamHI-EcoRl, respectively, and then inserted
into pGEX-5X-1 vectors (GE Healthcare) for GST fusion and transformed
into Escherichia coli BL21 (DE3)-competent cells. Protein expression was
induced by 0.1 mM isopropyl-B-p-thiogalactopyranoside, and proteins
were purified by Glutathione Sepharose 4B (GE Healthcare) following the
manufacturer’s instructions. MBP-MYC2 and MBP proteins were ex-
pressed and purified as described (Chen et al., 2011). GST-EIN3 protein was
expressed and purified using the Bac-to-Bac Baculovirus Expression
System (Invitrogen) and purified as described (Wen et al., 2012).

EMSA

Oligonucleotide probes (MBS1, 5'-AAGAATTTGTATGTTCATC-3' and 5'-
CGACTGATGACAAATTTTG-3'; MBS2, 5'-TGATCTTGCGTACCCAATTG-3'
and 5'-GTCAGCATCGTTTATGTTG-3') were synthesized and labeled with the
Biotin 3’ End DNA Labeling Kit (Pierce). Probe sequences of HLS1 were 5'-
AATACGTTGAAGCCCACTATTTCAAAATTTACTAGGAGTATTTATN-3' and
5'-TAAATACTCCTAGTAAATTTTGAAATAGTGGGCTTCAACGTATT-3' as
described (An et al., 2012). EMSA was performed using the LightShift
Chemiluminescent EMSA Kit (Pierce). Briefly, 20 fmol of labeled probe
was incubated in 1X binding buffer, 2.5% glycerol, 50 mM KCI, 5 mM
MgCl,, and 10 mM EDTA with or without proteins at room temperature
for 20 min. For nonlabeled probe competition, 4 pmol of nonlabeled
probe was added to the reactions.

ChIP-PCR

ChIP-PCR was performed following the literature with minor modifications
(Gendrel et al., 2005). Two grams of etiolated seedlings was cross-linked
in 1% formaldehyde, and the chromatin was isolated. The indicated
antibodies were added to the sonicated chromatin followed by incubation
overnight to precipitate bound DNA fragments. Anti-MYC antibodies were
purchased from TDY Biotech. After immobilization using Recombinant
Protein G-Sepharose 4B (Invitrogen), bound DNA was eluted and am-
plified by primers corresponding to sequences neighboring the MYC2
binding sites in the EBF1 promoter.
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Pull-Down Assay

In vitro—expressed and purified GST fusion proteins (GST-EIN3 and the
negative control GST-GFP) were incubated with Glutathione Sepharose 4B
(GE Healthcare) in pull-down buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl,
10% glycerol, 0.5 mM EDTA, 0.1% Triton X-100, 5 mM mercaptoethanol,
and 1X protease inhibitor cocktail) for 4 h at 4°C, and then MBP fusion
proteins were added and incubated for another 3 h at 4°C. After washing five
times with pull-down buffer, precipitated Sepharose beads were collected
by brief centrifugation (2000g, 2 min) and then resuspended in protein
extraction buffer. Proteins were separated by SDS-PAGE and detected with
the corresponding antibody.

Co-IP Assay

Three-day-old etiolated seedlings were treated with 10 wM JA and 100 pM
ACC for 3 h before harvest. Proteins were extracted with co-IP buffer (50 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.1% Triton
X-100, 5 mM mercaptoethanol, and 1X protease inhibitor cocktail). After in-
cubation on ice for 30 min, plant extracts were sonicated and then centrifuged.
Cleared extract was combined with anti-MYC antibody (TDY Biotech), to-
gether with Recombinant Protein G-Sepharose 4B (Invitrogen), and incubated
for 3 h at 4°C. After washing five times with co-IP buffer, agarose beads were
collected by centrifugation (2000g, 2 min) and then resuspended in protein
extraction buffer. Proteins were separated by SDS-PAGE and detected with
the corresponding antibody.

Firefly Luciferase Complementation Imaging Assay

The coding sequences of EIN3 and MYC2 were inserted into the multiple
cloning sites of pCAMBIA1300-nLUC (Sacl-Sall) and pCAMBIA1300-
cLUC (Kpnl-Xbal), respectively (Chen et al., 2008). Agrobacterium tu-
mefaciens GV3101 carrying the indicated constructs was cultured to
ODgyo = 0.5, combined with equal volumes of the adjusted culture for
specific groups as shown in the figure legends, and incubated at room
temperature without shaking for 3 h and infiltrated into Nicotiana ben-
thamiana leaves. Luciferase activity was detected 3 d after infiltration with
the LB 985 NightSHADE system (Berthold Technologies).

Dual-Luciferase Reporter System

Two kilobases of HLS1 promoter was amplified from the Arabidopsis genomic
DNA, and the fragment was digested with Kpnl and Ncol, inserted into the
pGreen I 0800-LUC vector, and used as a reporter plasmid (Hellens et al., 2005).

The coding sequences of EIN3 and MYC2 were amplified by PCR, and
both were digested with Spel-Kpnl, inserted into pGreen Il 62-SK, and
used as effector plasmids (Hellens et al., 2005).

Agrobacterium strain GV3101 carrying the reporter plasmid (ProHLS1:
LUC) and specific effector plasmids (empty vector, EIN3, MYC2, or EIN3
+MYC2) was cultured to ODgy, = 0.5, combined at equal volumes of the
indicated combinations, incubated at room temperature without shaking for
3 h, and infiltrated into N. benthamiana leaves. Ten micromoles of JA was
infiltrated into the corresponding spots of N. benthamiana leaves 3 h before
sample collection. The dual-luciferase reporter system (Promega) was used to
analyze the transient expression in N. benthamiana leaves 3 d after infiltration.
The activities of firefly (Photinus pyralis) and Renilla reniformis luciferases were
measured sequentially from a single sample on a GLO-MAX 20/20 lumin-
ometer (Promega). The ratio of LUC to REN was calculated to indicate the final
transcriptional activity. Five biological repeats were measured for each sample.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
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numbers: EIN3 (At3g20770), EIL1 (At2g27050), EBF1 (At2g25490), EBF2
(At5g25350), CTR1 (At5g03730), COI1 (At2g39940), MYC2 (At1g32640),
HLST (At4g37580), ERF1 (At3g23240), and TUB2 (At5g62690).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure 1. JA Represses ET-Induced Hook Formation.

Supplemental Figure 2. JA Represses EIN3 Accumulation in a Manner
That Is Dependent on SCFEBF1/2,

Supplemental Figure 3. JA Induces EBF1 Expression but Not EBF2
Expression.

Supplemental Figure 4. The Protein Stability of EBF1 Is Not Affected
by JA Treatment.

Supplemental Figure 5. MYC2 Does Not Bind to the HLS7 Promoter
in Vivo.

Supplemental Table 1. Primer Sequences Used in This Study.
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