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The apical hook protects the meristems of dicot seedlings as they protrude through the soil; multiple factors, including
phytohormones and light, mediate apical hook development. HOOKLESS1 (HLS1) plays an indispensable role, as HLST mu-
tations cause a hookless phenotype. The ETHYLENE INSENSITIVES (EIN3) and EIN3-LIKE1 (EIL1) transcription factors inte-
grate multiple signals (ethylene, gibberellins, and jasmonate) and activate HLS7 expression to enhance hook development.
Here, we found that Arabidopsis thaliana PHYTOCHROME INTERACTING FACTOR (PIF) transcription factors act in parallel
with EIN3/EIL1 and promote hook curvature by activating HLS1 transcription at a distinct binding motif. EIN3/EIL1 and PIFs
can promote hook formation in the absence of the other. Jasmonate represses PIF function to inhibit hook development. Like
EIN3 and EIL1, MYC2 interacts with PIF4 and hampers its activity. Acting together, EIN3/EIL1 and PIFs alleviate the negative
effects of jasmonate/light and facilitate the positive effects of ethylene/gibberellins. Mutating EIN3/EIL1 and PIFs causes
a complete hookless phenotype, marginal HLS1 expression, and insensitivity to upstream signals. Transcriptome profiling
revealed that EIN3/EIL1 and PIFs additively and distinctly regulate a wide array of processes, including apical hook devel-
opment. Together, our findings identify an integrated framework underlying the regulation of apical hook development and

show that EIN3/EIL1 and PIFs fine-tune adaptive growth in response to hormone and light signals.

INTRODUCTION

Plants encounter numerous threats throughout their life cycle
and dynamically adjust their growth patterns in response to the
changing environment. As one example, dicot seedlings de-
veloping in darkness form an apical hook to protect the fragile
cotyledons and shoot apical meristem during emergence from
the soil (Silk and Erickson, 1978; Harpham et al., 1991). Mutants
with compromised hook curvature have problems protruding
through soil, showing the significance of the apical hook (Harpham
et al., 1991).

Hook development is regulated by diverse internal and ex-
ternal factors, which makes it a good model for studying the
crosstalk between multiple signals. Among these signals, the
phytohormones ethylene (ET) and gibberellin (GA) play positive
roles, while jasmonate (JA) and light are reported to be nega-
tive regulators (Bleecker et al., 1988; Turner et al., 2002; Achard
et al., 2003; Mazzella et al., 2014). These factors contribute to
establishing or diminishing the proper asymmetric distribution of
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auxin within the apical region of the hypocotyl, leading to the for-
mation or opening of the apical hook, respectively (Abbas et al.,
2013). During the formation process, inner cells within the hook
region accumulate more auxin, thereby inhibiting the growth of
the inner side. Seedlings exhibit a hookless phenotype when the
asymmetrical accumulation of auxin is abolished, for example,
by applying naphthylphthalamic acid to block auxin transport
or supplying excess 2,4-D (Lehman et al., 1996), underscoring
the major effect of auxin on hook development. HOOKLESS1
(HLS1), a putative N-acetyltransferase, has been identified as
an essential regulator of hook formation, and mutation of the
HLS1 gene causes the eponymous hookless phenotype and the
disappearance of auxin asymmetry (Guzman and Ecker, 1990;
Lehman et al., 1996). AUXIN RESPONSE FACTOR2 (ARF2) was
identified as a factor acting downstream of HLS1, based on the
findings that an arf2 mutation could partially rescue the hookless
phenotype of his1 and that ARF2 protein levels are decreased
by HLS1 (Li et al., 2004). Thus, HLS1 integrates upstream stimuli
important for establishing auxin asymmetry.

ET broadly regulates plant growth and development. One
well-characterized response to ET is called the “triple response”:
Treatment of etiolated seedlings with ET or 1-aminocyclopropane-
1-carboxylic acid (ACC; the immediate precursor of ET) results
in shortening of the hypocotyl and root as well as exagger-
ated hook curvature (Ecker, 1995). Genetic studies using the
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Background: For sessile plants, survival in dynamic nature is never easy! The very first challenge most seed plants
need to overcome is protruding through the covering soil without damaging their tender, soon-to-be-green tissues,
such as their cotyledons and the apical meristem. Once they successfully emerge from the soil, the seedlings receive
light and initiate photosynthesis. Otherwise, they die buried. Most dicots, such as the model plant Arabidopsis
thaliana, develop an apical hook, which bends the cotyledons and meristem downwards, to deal with this first
challenge. Previous studies revealed a positive correlation between hook angles and the rate of successful
emergence from the soil. Meanwhile, multiple signals were documented to finely regulate the developmental
processes of apical hook formation to assure successful emergence.

Questions: An obvious, yet unanswered, question is how plants integrate multiple upstream regulatory signals,
including myriad phytohormones and the dominant environmental factor light, to an ultimate apical hook phenotype.
We aimed to explore the mediating components and find how they bridge this gap.

Findings: We found that two classes of transcription factors, ETHYLENE INSENSITIVE3 (EIN3)/EIN3-LIKE1 (EIL1)
and PHYTOCHROME INTERACTING FACTORSs (PIFs), function in parallel to integrate multiple upstream signals
and promote hook curvature by activating the transcription of HOOKLESS1, which encodes an essential component
for hook formation. Either the protein abundance or activity of these two kinds of transcription factors is modulated by
various upstream signals. Acting together, EIN3/EIL1 and PIFs alleviate the negative effects of repressive signals and
facilitate the positive effects of stimulative signals. Simultaneous lack of EIN3/EIL1 and PIFs causes a complete

hookless phenotype and insensitivity to upstream signals.

Next steps: The working mode of EIN3/EIL1 and PIFs as integrating nodes sheds light on possible mechanisms by
which plants deal with complex environmental factors along with development. Additionally, the presented
mechanism provides targets that could be manipulated to modify the emergence rates of diverse crops in accordance
with changing soil conditions.

triple response as a phenotypic output identified an array of
ET signaling components and helped establish a linear model
for the ET signaling pathway. In this pathway, ET signaling acts
to stabilize two transcription factors, EIN3 and EIL1, which are
otherwise subjected to ubiquitination and degradation processes
executed by SCFEINS BINDING F-BOX PROTEIN1/2(EBF1/2) E3 IigaSeS (GUO
and Ecker, 2003; Potuschak et al., 2003; An et al., 2010). HLS1
expression is increased by ET treatment (Lehman et al., 1996; An
et al., 2012); moreover, EIN3 and EIL1 promote hook develop-
ment by directly binding to the HLS7 promoter to activate HLS1
expression (An et al., 2012).

The plant hormone GA is also reported to positively regulate
hook development. Both ga7-3 mutants (deficient in GA biosyn-
thesis) and seedlings treated with the GA biosynthesis inhibitor
paclobutrazol (PAC) exhibit reduced hook curvature and com-
promised ET response in hook formation (Achard et al., 2003).
DELLAs, key repressors in the GA signaling pathway, were found
to physically interact with EIN3 and EIL1 and inhibit their function
(An et al., 2012). Upon GA treatment, DELLAs are targeted by
the SCFS-EEPY1SIYY) E3 |igase complex for ubiquitination/degradation
(Sasaki et al., 2003; Dill et al., 2004). This activity releases the
repression of EIN3 and EIL1 and leads to HLS7 expression
activation.

In contrast to ET and GA, JA is reported to inhibit apical hook
development (Turner et al., 2002). As an important plant defense
hormone, JA also regulates myriad developmental processes.
When JA is absent, major repressor JASMONATE ZIM-DOMAIN
(JAZ) proteins are active to bind and restrain downstream tran-
scription factors to shut down the pathway (Chini et al., 2007;
Thines et al., 2007). A number of JAZ-interacting transcription
factors have beenisolated, among which MYC2 is critical for reg-
ulating various JA-mediated development processes (Lorenzo
et al., 2004; Dombrecht et al., 2007). In the presence of JA, JAZs

are subjected to ubiquitination/degradation, and MYC2 is re-
leased to trigger specific response (Chini et al., 2007; Thines etal.,
2007). JA antagonizes the positive effect of ET on apical hook
curvature (Song et al., 2014; Zhang et al., 2014). JA-activated
MYC2 inhibits the function of EIN3 and EIL1 in two ways: First,
MYC2 activates EBF1 expression by binding to its promoter,
in turn promoting degradation of EIN3 and EIL1; second,
MYC2 physically interacts with EIN3 and EIL1 to impede their
DNA binding ability. By controlling the abundance and activity
of EIN3 and EIL1, JA downregulates HLS7 expression and re-
presses hook development (Zhang et al., 2014). The crosstalk
between ET and GA, as well as the crosstalk between ET and
JA, emphasizes the critical role of EIN3 and EIL1 in responding
to upstream stimuli and activating downstream HLS 7 expression
to enhance hook curvature. Nonetheless, the ein3 eil1 mutant is
not irresponsive to JA treatment, suggesting the existence of an
additional pathway.

Skotomorphogenesis, which refers to the development of
seedlings in darkness, reveals how apical hook formation is
tightly regulated by light. Etiolated seedlings of constitutive pho-
tomorphogenic mutants, such as constitutive photomorphogenic1
and de-etiolated1 mutants, exhibit severe defects in apical
hook formation (Deng et al., 1991; Pepper et al., 1994). More-
over, light exposure induces rapid opening of the apical hook
(Liscum and Hangarter, 1993), illustrating the dominant effect
of light on hook development. PHYTOCHROME INTERACTING
FACTORSs (PIFs) are essential components for skotomorphogen-
esis that inhibit light-responsive genes in darkness. PIFs belong
to a bHLH transcription factor subfamily, and the members PIF1,
PIF3, PIF4, and PIF5 have been characterized (Ni et al., 1998;
Toledo-Ortiz et al., 2003). Light induces the rapid degradation
and/or functional inhibition of PIFs to abolish their repressive
effect on light-responsive genes (Leivar and Quail, 2011). The
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Figure 1. The ein3 eil1 Mutants Are Responsive to PAC- or JA-Mediated Hook Development.

(A) and (B) Three-day-old etiolated seedlings were grown on PAC-gradient medium (A) or JA-gradient medium (B), and the hook phenotype was

recorded. Bar = 1 mm.

(C) and (D) Quantification of the hook curvature phenotype in (A) and (B), respectively. The values shown indicated means + sg; n > 15. Significance
analysis was based on one-way ANOVA along with Bonferroni correction at a significance level of 0.01. Different lowercase letters above the bars
indicate a significant difference. Keys show the gradient concentration (M) of PAC (C) or JA (D), respectively.

pif mutants exhibit a constitutive photomorphogenic phenotype
even in darkness, as characterized by a shorter hypocotyl, open
cotyledons, and apical hook defects (Shin et al., 2009; Leivar
and Quail, 2011). However, the mechanism underlying PIF regu-
lation of hook development has been elusive.

In this study, we show that PIFs promote hook curvature by
directly binding to the HLS1 promoter (at sites distinct from the
EIN3 binding sites) to activate HLS7 expression. Thus, EIN3/
EIL1 and PIFs enhance HLS1 transcription and hook development
in parallel. We also show that JA-activated MYC2 interacts with
PIF4 and represses its function. Together with previous studies
on the regulation of EIN3/EIL1 and PIFs, we propose a unified
molecular framework for apical hook development that inte-
grates multiple hormones and light signals.

RESULTS

The ein3 eil1 Mutant Is Responsive to PAC and
JA Treatments

Our previous study showed that EIN3 and EIL1 are key regu-
lators of HLS1 expression that mediates ET- and GA-induced
apical hook formation (An et al., 2012). We also found that JA re-
presses apical hook formation by reducing the abundance and
activity of EIN3 and EIL1 (Zhang et al., 2014). Nevertheless, the
hook curvature of ein3 eil1 etiolated seedlings was found to be
further inhibited by both PAC (a GA biosynthesis inhibitor) and JA
treatments in a dose-dependent manner (Figure 1), suggesting

the existence of additional players in GA/JA-regulated hook
development.

PIFs Positively Regulate Hook Development and
HLS1 Expression

PIFs are essential for plant skotomorphogenesis, and apical
hook formation typically occurs during skotomorphogenesis
(Lehman et al., 1996; Leivar and Quail, 2011). We therefore
investigated the effect of PIFs on hook development. Single
mutations in four PIFs (PIF1, PIF3, PIF4, and PIF5) resulted in
barely detectable hook phenotype defects, but double and tri-
ple mutant combinations had increasingly compromised hook
curvature. In the pif1 pif3 pif4 pif5 quadruple mutant, hereafter
referred to as pifq, the seedling was almost hookless with the
two cotyledons open (Figures 2A and 2B). These phenotypes
indicate the positive role of PIFs in apical hook formation and
the functional redundancy among these four PIFs.

Next, we investigated HLS71 expression in these pif mutants
and found that the decreases in HLS1 expression were com-
mensurate with the loss of PIF function, with the lowest HLS7
transcript levels in pifq as well as a positive correlation between
HLS1 expression levels and hook angles (Figure 2C). Since PIF1
overexpression results in delayed seed germination (Oh et al.,
2004), we constructed transgenic plants harboring p-estrogen-
inducible PIF3, PIF4, or PIF5 in the pifqg mutant background (iPIF/
pifg). As expected, the corresponding gene (PIF3/4/5) and PIL1
(a specific target gene of PIFs) (Leivar and Quail, 2011) were
progressively induced upon treatment with increasing dosages
of p-estrogen (Supplemental Figures 1A and 1B). The hook
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Figure 2. PIFs Promote Hook Development and HLS7 Expression.

(A) Three-day-old etiolated seedlings were grown on MS medium, and the hook phenotype was recorded. Bar = 1 mm.

(B) Quantification of the hook curvature phenotype in (A). The values shown indicate means + sg; n > 15. Significance analysis was based on one-way
ANOVA along with Bonferroni correction at a significance level of 0.01. Different lowercase letters above the bars indicate a significant difference.

(C) HLS1 transcript levels of seedlings in (A). HLS17 levels were detected and normalized to PP2AAS3. The value for Col-0 was set to 1. The values
shown indicate means of biologically repeated experiments (using different pools of seedlings under noted conditions) with sp; n > 3. Significance
analysis was based on one-way ANOVA along with Bonferroni correction at a significance level of 0.05. Different lowercase letters above the bars
indicate a significant difference. R represents the Pearson’s correlation coefficient of hook angles in (B) and HLST levels in (C), with significance of P.
(D) Three-day-old etiolated seedlings were grown on f-estrogen gradient medium, and the hook phenotype was recorded. Bar = 1 mm.

(E) Quantification of the hook curvature phenotype in (D). The values shown indicate means + sg; n > 15.

(F) HLS1 transcript levels of seedlings in (D). HLS1 transcript levels were detected and normalized to PP2AA3. The expression level in the respective
zero B-estrogen treatment sample was set to a value of 1. The values shown indicate means of biologically repeated experiments (using different pools
of seedlings under noted conditions) with sp; n > 3. Keys showed the gradient concentration of p-estrogen. Statistical significance in (E) and (F) was
calculated between p-estrogen treatment and the respective zero treatment for each genotype using two-tailed Student’s t test with asterisks denoting
statistical significance (**P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05). R represents the Pearson’s correlation coefficient of hook angles in (E) and
HLS1 levels in (F), with significance of P.

phenotype and HLS1 expression were monitored in these trans-
genic plants, showing that both the hook curvature defects and
reduced HLS1 transcript levels of pifq seedlings were reversed
after PIF induction (Figures 2D to 2F). Among the different trans-
genic lines, the increases in hook curvature were in general consis-
tent with the increases in HLS1 expression (Figures 2E and 2F).
Despite their functional redundancy, the three PIFs tested had
distinct effects on hook development. PIF4 and PIF5 had more
profound effects than PIF3 on the induction of hook curvature

and HLS1 expression (Figures 2D to 2F). We also noticed that
the hook angles decreased at higher levels of PIF4/5 induction
relative to their effects at lower induction levels. PIF4 and PIF5
have been shown to induce auxin biosynthesis in Arabidopsis
thaliana hypocotyls (Hornitschek et al., 2012), and overdosage
of auxin accumulation inhibits hook curvature and hypocotyl
growth of etiolated seedlings (Lehman et al., 1996; Alonso
et al., 2003). Consistent with this, the transcript levels of an auxin
biosynthetic gene YUC8 were elevated upon PIF4/5 induction



and the hypocotyl lengths were shorter under treatments with
progressively higher p-estrogen concentrations (Supplemental
Figures 1C and 1D). Therefore, PIF4/5-promoted auxin biosyn-
thesis may explain the above observations, which resulted in
the relatively low correlation between hook angles and HLS1
transcript levels (Figure 2F).

We also expressed inducible PIF4 in the hls1 mutant back-
ground and found that the positive effect of PIF4 on hook cur-
vature was largely restricted (Supplemental Figures 1E and 1F).
Nonetheless, we observed a subtle but clear bending of the his1
hook when PIF4 was induced (Supplemental Figures 1E and 1F),
suggesting that the ability of PIF4 to enhance apical hook for-
mation is largely but not fully dependent on HLS7. Taking these
results together, we conclude that PIFs positively regulate apical
hook formation and HLS1 expression.

PIFs Promote HLS1 Transcription by Directly Binding
to Its Promoter

Considering the direct regulation of HLS7 by EIN3 and EIL1, we
further investigated HLS7 expression regulation by PIFs. Given
that PIF1 overexpression delays seed germination (Oh et al.,
2004), that PIF3 is a target gene of EIN3 and EIL1 (Zhong et al.,
2012), and that PIF5 promotes ethylene biosynthesis (Khanna
et al., 2007), we primarily focused on PIF4 in subsequent ex-
periments to help exclude potentially indirect effects. Results
from a dual-luciferase reporter (DLR) system with a 1.5-kb HLS1
promoter sequence in Nicotiana benthamiana leaves (Supple-
mental Figure 2A) and Arabidopsis protoplasts (Supplemen-
tal Figure 2B) showed that PIF4 promoted the transcription
of HLS1. Analysis of the HLS7 promoter sequence identified
several E-box motifs as putative PIF binding sites (Martinez-Garcia
et al., 2000; Oh et al., 2009; Zhang et al., 2013; Pfeiffer et al.,
2014). An in vivo chromatin immunoprecipitation (ChIP) assay
was performed using iPIF4/pifq as well as pifq seedlings, and
the following fragments within the HLS7 promoter were ampli-
fied: five specific binding sites (A-, B-, and C-containing E-box
motifs; EBS-containing EIN3 binding sites; and a D-containing a
G-box-like motif) and two unrelated regions (E and 3’ untranslated
region as negative controls) (Figure 3A). Compared with the
enrichment in pifq, the negative control samples, PIF4 induction
in iPIF4/pifq samples specifically enriched fragments A and B,
with a particularly noticeable effect for fragment A (Figure 3B).
Control experiments were also performed, and PIF4 induction
enriched the promoter fragment of PIL7 but not ACT2 (Supple-
mental Figures 2C and 2D).

We next examined the in vitro binding of PIF4 with the frag-
ment A harboring an E-box motif (hamed HLS1_PBS) using elec-
trophoretic mobility shift assays (EMSAs; Figure 3C). Incubation
with TF-PIF4C protein (C-terminal bHLH domain of PIF4 fused
with HIS-tagged trigger factor) led to a shift for the HLS1_PBS
probe (Figure 3D, lanes 2 and 3). The addition of unlabeled probe
competed with the binding between TF-PIF4C and HLS1_PBS
probe, while the addition of unlabeled mutated probe (with the
E-box motif mutated from CAAATG to ACTTCA) failed to com-
pete (Figure 3D, lanes 4 and 5). As a negative control, the addi-
tion of TF protein (HIS-tagged trigger factor) did not bind or shift
the HLS1_PBS probe (Figure 3D, lanes 1 and 2).
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Taking advantage of the DLR system in Arabidopsis proto-
plasts, we modified the HLS7 promoter (mutating the E-box motif
from CAAATG to ACTTCA or deleting the E-box motif) fused to
the luciferase gene (Figure 3E). Both modifications of the E-box
motif (mutation and deletion) abolished the induction by PIF4
(Figure 3F), supporting the essential role of the E-box motif for
this regulation. Taken together, these results demonstrate that
PIFs (or at least PIF4) can promote HLS1 transcription by directly
binding to its promoter region.

PIFs and EIN3/EIL1 Promote Hook Formation in Parallel

We next explored the relationship between EIN3/EIL1 and PIFs,
two different classes of transcription factors that positively regulate
HLS1 expression and hook development. The pifq ein3 eil1 sex-
tuple mutants were generated by genetic crossing, and they ex-
hibited a virtually complete hookless phenotype and had lower
HLS1 transcript levels than Col-0, pifg, and ein3 eil1 (Figures 4A
to 4C). To determine whether EIN3/EIL1 and PIFs require each
other for functionality, we performed two analyses. First, Col-0
and pifq etiolated seedlings were treated with the ethylene pre-
cursor ACC or ethylene. When exposed to ethylene, EIN3 and
EIL1 proteins accumulated in both Col-0 and pifq seedlings
(Supplemental Figure 3A). On ACC-gradient medium, the hook
curvature of the pifqg mutant was gradually enhanced, and HLS1
expression increased as the ACC concentration increased (Figures
4D and 4E). This finding suggests that the promotion of hook
development and HLS1 expression by EIN3/EIL1 does not nec-
essarily require PIFs.

Second, PIF4 induction in pifq ein3 eil1 protoplasts was still
able to increase HLS1 transcription (Supplemental Figure 3B).
Induction of PIF3, PIF4, or PIF5 in the pifq ein3 eill mutant
background effectively rescued the hookless phenotype and low
HLS1 expression level (Figures 4F to 4H). The levels of PIFs/PIL1
induction were strongly consistent with the increases in hook
curvature and HLS1 expression (Supplemental Figures 3D and 3E;
Figures 4F to 4H). ChIP-PCR using iPIF4/pifq ein3 eil1 seedlings
showed that the induced PIF4 protein enriched the HLS1 pro-
moter (particularly fragment A) and the PILT promoter but not
the ACT2 gene (Supplemental Figures 3F to 3H). These findings
indicate that PIFs enhance hook development and HLS1 expres-
sion regardless of EIN3/EIL1 function. It is therefore possible that
EIN3/EIL1 and PIFs act largely independently to activate HLS1
transcription and to promote hook formation.

JA Inhibits Hook Development by Repressing PIF Function

Since the hook curvature of ein3 eil1 is still responsive to PAC
and JA treatment (Figure 1), we investigated whether PIFs are
involved in JA- or PAC-regulated hook development. Previous
studies showed that DELLA proteins, a class of negative regu-
lators of GA responses, repress the function of PIFs and EIN3/
EIL1 (de Lucas et al., 2008; Feng et al., 2008; An et al., 2012;
Li et al., 2016). As observed in ein3 eil1, hook curvature and
HLS1 expression in pifq seedlings was further inhibited by PAC
treatment (Supplemental Figures 4A and 4B), which would be
expected to lead to GA deficiency and DELLA protein accumu-
lation. Consistently, PAC treatment decreased the expression of
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Figure 3. PIF4 Directly Binds to an Element in the HLS7 Promoter to Activate HLS7 Transcription.

(A) Schematic illustration of the HLS7 promoter region. “ATG” indicates the first codon, and HLS1_EBS indicates the confirmed EIN3 binding sites.
HLS1A, HLS1B, and HLS1C contain E-box motifs; HLS1D contains a similar sequence with a G-box motif; and HLS1E corresponds to 5’ end sequenc-
es. The nucleotide sequences of candidate binding sites are noted.

(B) ChIP-PCR for the in vivo binding of PIF4 with HLS1A. Seedlings were grown on 5 pM p-estrogen medium for 3 d. Cross-linked chromatin was
precipitated with anti-MYC antibody, and the eluted DNA was subjected to RT-PCR for the sequences in (A). The enrichment values of the various
fragments in iPIF4/pifq were normalized to those in pifq (set to a value of 1). Statistical significance was calculated between relative enrichment of
fragment A in iPIF4/pifq and those of other fragments (E, C, B, EBS, D, and 3’ untranslated region [UTRY]) in iPIF4/pifq, respectively, using two-tailed
Student’s t test with asterisks denoting statistical significance (**0.001 < P < 0.01; *0.01 < P < 0.05).

(C) An HLS1 probe containing an E-box motif (CAAATG) was selected from the HLS1A fragment and used for the EMSA experiment.

(D) EMSA results showing the in vitro binding of the PIF4 C terminus to the HLS7 promoter. TF-PIF4C (PIF4 201-430 amino acids fused with HIS-
tagged trigger factor) was purified in vitro and incubated with 16 fmol DIG-labeled hot probe or 4 pmol unlabeled “cold” or mutant cold (mCold) probe.
TF protein (HIS-tagged trigger factor) was used as a negative control.

(E) Schematic illustration of effectors and reporters used in the DLR experiment. The E-box motif within the fragment (CAAATG in ProHLS1_WT) was
either mutated (ACTTCA, ProHLS1_M) or deleted (ProHLS1_A).

(F) Transient DLR assays illustrated the requirement for the E-box motif within HLS1_A. Reporter and effector plasmids were combined as indicated
then transformed into pifq ein3 eil1 protoplasts. The effects of PIF4 on the three reporters were normalized to the respective empty effectors (set to a
value of 1) for comparability. The values shown indicate means =+ sg; n > 3. Statistical significance was calculated between the various effectors and
the empty controls using a Student’s t test with asterisks denoting statistical significance (***P < 0.001).

both PILT and EBF2 (Supplemental Figures 4C and 4D), which
are target genes of PIFs and EINS/EIL1, respectively (Konishi and
Yanagisawa, 2008; Leivar and Quail, 2011). In contrast, ein3 eil1
mutants showed almost complete insensitivity to ACC and ET
treatment in terms of both hook curvature and HLS1 expression
(Supplemental Figures 4E and 4F). This finding suggests that the
ability of ET to promote hook formation and HLS7 expression is
dependent on EINS/EIL1 but not on PIFs or other factors.

The effect of JA was also studied, and the hook angles of pifg
seedlings were reduced when grown on JA medium (Figures
5A and 5B). HLS1 expression in pifqg was also further down-
regulated by JA treatment (Figure 5C). Compared with Col-0, a
low concentration of JA treatment resulted in a hookless phe-

notype in pifq (similar to the phenotype of ein3 eil1), indicating
that PIFs and EIN3/EIL1 may counteract JA inhibition of hook
development and that loss of either class leads to JA hyper-
sensitivity. We treated the iPIF4/pifq ein3 eil1 transgenic plants
with p-estrogen as well as JA and found that in the absence of
EIN3/EIL1, PIF4-induced hook curvature and HLS1 expression
were inhibited by JA treatment (Figures 5D and 5E).

The transcription factor MYC2 mediates multiple JA responses
and interacts with EIN3/EIL1 to repress its function (Song
et al., 2014; Zhang et al., 2014). Protoplasts from phyA phyB
seedlings, in which PIF degradation is severely compromised,
were used to investigate the effect of MYC2 on PIF4 function.
Using the HLS1 and PIL1 promoters as individual targets, the
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Figure 4. EIN3/EIL1 and PIFs Promote Hook Curvature and HLS71 Expression in Parallel.

(A) Three-day-old etiolated seedlings were grown on MS medium, and the hook phenotype was recorded. Bar = 1 mm.

(B) Quantification of the hook curvature phenotype in (A). The values shown indicate means + sg; n > 15. Significance analysis was based on one-way
ANOVA along with Bonferroni correction at a significance level of 0.01. Different lowercase letters above the bars indicate a significant difference.

(C) HLS1 transcript levels of the seedlings in (A). HLS1 levels were detected and normalized to PP2AAS3. Col-0 was designated as the calibrator and set
to a value of 1. The values shown indicate means of biologically repeated experiments (using different pools of seedlings under noted conditions) with
sp; n > 3. Statistical significance was calculated between noted samples using two-tailed Student’s t test with asterisks denoting statistical significance
(**P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05).

(D) Three-day-old etiolated seedlings were grown on ACC gradient medium, and the hook angles were quantified. The values shown indicate means =+ sE;
n > 15. Significance analysis was based on one-way ANOVA along with Bonferroni correction at a significance level of 0.01. Different lowercase letters
above the bars indicate a significant difference.

(E) HLS1 transcript levels of the seedlings in (D). HLS1 levels were detected and normalized to PP2AA3. Col-0 with 0 um ACC was designated as the
calibrator and set to a value of 1. The values shown indicate means of biologically repeated experiments (using different pools of seedlings under noted
conditions) with sp; n > 3. Statistical significance was calculated between ACC treatment and zero treatment for Col-0 and pifq, respectively, using
two-tailed Student’s t test with asterisks denoting statistical significance (**P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05). R represents the Pearson’s
correlation coefficient of hook angles in (D) and HLST levels in (E), with significance of P.

(F) Three-day-old etiolated seedlings were grown on f-estrogen gradient medium, and the hook phenotype was recorded. Bar = 1 mm.

(G) Quantification of the hook curvature phenotype in (F). The values shown indicate means + sg; n > 15.

(H) HLST transcript levels of the seedlings in (F). HLS1 levels were detected and normalized to PP2AA3. The zero p-estrogen treatment control was
designated as the calibrator and set to a value of 1. The values shown indicate means of biologically repeated experiments (using different pools of
seedlings under noted conditions) with sp; n > 3. Keys show the gradient concentration of f-estrogen. Statistical significance in (G) and (H) was cal-
culated between p-estrogen treatment and the respective zero treatment for each genotype using two-tailed Student’s t test with asterisks denoting
statistical significance (***P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05). R represents the Pearson’s correlation coefficients of hook angles in (G) and
HLST1 levels in (H), with significance of P.

addition of PIF4 by transformation of an effector construct in- This decrease was dependent on PIFs and partially dependent
duced both HLS1 and PIL1 expression (Figures 5F and 5G), while on MYC2 but not EIN3/EIL1 (Figures 5H and 5I). These findings
the addition of MYC2 suppressed the induction by PIF4. More- indicate that JA treatment inhibits hook formation by repressing

over, the expression level of PIL1, a target gene that reflects the the function of PIFs in addition to EIN3 and EIL1, and the effect
transcriptional activity of PIFs, was decreased by JA treatment. is likely mediated by MYC2.
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Figure 5. JA Inhibits the Function of PIF4 Partially through MYC2.

(A) Three-day-old etiolated seedlings of pifqg were grown on JA gradient medium, and the hook phenotype was recorded. Bar = 1 mm.

(B) Quantification of the hook curvature phenotype in (A). The values shown indicate means + sg; n > 15. Angles of Col-0 were taken as control. Sig-
nificance analysis was based on one-way ANOVA along with Bonferroni correction at a significance level of 0.01. Different lowercase letters above the
bars indicate a significant difference.

(C) HLS1 transcript levels of Col-0 and pifq seedlings grown on MS or 1 uM JA medium for 3 d. HLS1 levels were detected and normalized to PP2AA3.
Col-0 without JA treatment was designated as the calibrator and set to a value of 1. The values shown indicate means of biologically repeated exper-
iments (using different pools of seedlings under noted conditions) with sp; n > 3.

(D) Quantified hook angles of iPIF4/pifq ein3 eil1 seedlings grown on MS, 5 uM f-estrogen, or 5 um p-estrogen plus JA gradient medium (indicated by
keys) for 3 d. The values shown indicate means =+ sg; n > 15. Significance analysis was based on one-way ANOVA along with Bonferroni correction at
a significance level of 0.01. Different lowercase letters above the bars indicate a significant difference.

(E) HLS1 transcript levels of seedlings in (D). HLS1 levels were detected and normalized to PP2AA3. The mock treatment control was designated as
the calibrator and set to a value of 1. The values shown indicate means of biologically repeated experiments (using different pools of seedlings under
noted conditions) with sp; n > 3. R represents the Pearson’s correlation coefficients of hook angles in (D) and HLS7 levels in (E), with significance of P.
(F) and (G) Transient DLR assays illustrated the negative effect of MYC2 on PIF4-induced HLS1 (F) and PIL17 (G) transcription. Reporter and effector plas-
mids were combined as indicated and transformed into phyA phyB protoplasts. The values shown indicate means + sg; n > 3. Statistical significance was
calculated between the various effectors using two-tailed Student’s t test with asterisks denoting statistical significance (**P < 0.001; *0.01 < P < 0.05).
(H) PIL1 transcript levels of 3-d-old seedlings grown on MS or JA medium. The values shown indicate means of biologically repeated experiments
(using different pools of seedlings under noted conditions) with sp; n > 3.

(I) PIL1 transcript levels of seedlings grown on MS medium for 3 d and transiently treated with different concentrations of JA for 1 h. PIL1 levels were
detected and normalized to PP2AA3. The zero JA treatment control was designated as the calibrator and set to a value of 1. Keys show the gradient
concentration of JA (uM). The values shown indicate means of biologically repeated experiments (using different pools of seedlings under noted condi-
tions) with sp; n > 3. Statistical significance in (C), (E), (H), and () was calculated between noted samples using two-tailed Student’s t test with asterisks
denoting statistical significance (***P < 0.001; **0.001 < P < 0.01). n.s., not significant.

PIFs Interact with MYC2 cotransformed into Col-0 protoplasts, and LUC activity was

quantified for each combination. Compared with the nonfu-
Given that MYC2 interacts with and represses EIN3, we also sion controls, the combination of PIFs and MYC2 resulted
investigated whether MYC2 associates with PIFs. Lucifer- in high LUC activity, particularly with PIF4 (Figure 6A). High
ase protein fusion constructs were generated, with the four LUC activity was also detected when the PIF and MYC2 fu-
PIFs fused to the luciferase N terminus (LUC") and MYC2 sion constructs were cotransformed into ein3 eil1 protoplasts
fused to the luciferase C terminus (LUC®). For the analysis, (Figure 6B). Thus, PIFs interact with MYC2 in a manner inde-
the LUCE® fusion construct and one of the LUC" fusions were pendent of EIN3 and EIL1. In vitro pull-down assays further
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Figure 6. MYC2 Interacts with PIFs.

(A) and (B) Firefly luciferase complementation assays showing the in vivo interaction between MYC2 and PIFs. MYC2-LUC® was combined with the
indicated PIF-LUC" plasmids and transformed into Col-0 (A) or ein3 eil1 (B) protoplasts. “~” indicates the LUC" or LUC® control plasmids. LUC activity
was recorded after the samples were incubated for 12 to 16 h and mixed with luciferin. Statistical significance was calculated to compare the different
PIF + MYC2 combinations with the LUC® + LUC" control using a Student’s t test with asterisks denoting statistical significance (***P < 0.001).

(C) and (D) Pull-down assays showing the in vitro interaction between MYC2 and PIF4 (C) as well as MYC2 and PIF1 (D). TF-PIF4 (PIF4 fused with
HIS-tagged trigger factor) and TF-PIF1 were immobilized with Ni-NTA agarose then combined with MBP fusion proteins. After rounds of washing and
centrifugation, the precipitated products were subjected to SDS-PAGE and further stained by Coomassie blue or blotted with the respective antibod-
ies. Arrows indicate the corresponding proteins. For consistency, the sample order in (D) was rearranged by assigning two input samples together
(lanes 1 and 2) and two pull-down samples together (lanes 3 and 4), in which the original order was lane 1-3-2-4.

revealed that MYC2 directly binds to PIF1 and PIF4 (Figures
6C and 6D). Interestingly, beyond the repression of PIF activity
by MYC2, the PIF4 protein level was also downregulated by
JA (Supplemental Figure 5). Therefore, it is conceivable that
JA represses both PIF abundance and activity to negatively
impact hook development, a scenario similar to the regulation
of EIN3 and EIL1.

PIFs and EIN3/EIL1 Mediate Light-Induced Hook Opening

In addition to the abovementioned phytohormones, light is also
a vital signal for hook development, as the preformed hook of
etiolated seedlings rapidly opens when exposed to light. To bet-
ter understand the mechanism underlying light-induced hook
opening, a real-time imaging system (referred to as RT-Image
V1 in Methods) was used to dynamically record the changes
in hook angle for various mutants and transgenic plants. For
Col-0 seedlings, the preformed hook curvature started to open
after 2 h of light exposure, and a nearly hookless state was
reached after 10 h (Supplemental Figure 6A). To better quan-
tify this dynamic process and allow comparison of the results
from different backgrounds, real-time changes in hook angle
and the dynamic opening rate (i.e., change between every two
time points) were calculated (Supplemental Figures 6B and 6C).
Three parameters were considered: initial angle before light

exposure (starting angle), maximum opening rate during the
opening process (max open rate), and time required to reach the
max open rate (peak time). In general, the max open rate and
peak time are indicative of how quickly the preformed hook is
opened by light. Compared with Col-0, ein3 eil1 exhibited faster
opening after light exposure, with a higher max open rate and
earlier peak time, while hook opening was delayed in transgenic
plants overexpressing EIN3 (EIN3ox), as indicated by a lower
max open rate and not detectable peak time (Figures 7A, 7B,
7G, and 7H). Similarly, pif mutations resulted in faster opening,
based on a higher max open rate and/or earlier peak time, and
opening was faster in higher order pif mutants (Figures 7C, 7D,
7G, and 7H). Conversely, PIF3ox and PIF4ox exhibited mild re-
sistance to light-induced hook opening, as indicated by a lower
max open rate and/or later peak time (Figures 7E to 7H). Due to
the nearly hookless phenotype and gravitropic disorder of pifg
mutants, the imaging system failed to monitor the hook opening
phenotype of pifq.

Consistent with the decrease in hook angle under light ex-
posure, HLS1 expression was also downregulated (Figure 71)
along with PIL1T and EBF2 expression (Supplemental Figures
6D and 6E). Although the observed change in HLS1 expression
was greater in Col-0 than in the ein3 eil1 and pif mutants upon
light exposure, the absolute expression level of HLS7 reached
its minimum more rapidly in the mutants (Figure 71). In EIN3ox,
HLS1 expression remained much higher than that in Col-0 after
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Figure 7. EIN3/EIL1 and PIFs Delay Light-Induced Hook Opening and HLS7 Decrease.

(A), (C), and (E) Real-time changes in hook angle upon light exposure. The values shown indicated means + sg; n > 15.

(B), (D), and (F) Real-time changes in the hook opening rate upon light exposure. The values shown indicated means + sg; n > 15.

(G) Quantified max open rates of the seedlings in (B), (D), and (F). Statistical significance was calculated between different genotypes and Col-0 using
two-tailed Student’s t test with asterisks denoting statistical significance (***P < 0.001; **0.001 < P < 0.01).

(H) Peak time to reach max open rate (hours after light exposure). N.A., not available.

(I) HLS1 transcript levels rapidly decreased upon light irradiation. Seedlings were exposed to light for the indicated amounts of time after growth on
MS medium for 2.5 d. HLS1 levels were detected and normalized to PP2AAS3. Col-0 at the 0 h time point was designated as the calibrator and set to a
value of 1, and then the y axis was rescaled to log, values respectively. The values shown indicate means of biologically repeated experiments (using

different pools of seedlings under noted conditions) with sp; n = 3.

light exposure, consistent with the finding that E/IN3ox was highly
resistant to light-induced hook opening (Figure 7A).

Other studies have shown that both PIFs and EIN3/EIL1 can
be degraded in response to light. PIFs are degraded in a very
short amount of time (within minutes), while EIN3 and EIL1 are
degraded much more slowly (Leivar and Quail, 2011; Shi et al.,
2016). This is consistent with our findings that the light-induced
PIL1 decline was faster than the EBF2 decline (Supplemental
Figures 6D and 6E). Considering these results in aggregate, we
propose that light induces hook opening and represses HLS1
expression via the removal of PIFs and EIN3/EIL1, with PIFs

mediating the fast response and EIN3/EIL1 mediating the slow
response.

The pifq ein3 eil1 Sextuple Mutant Is Not Responsive to
Multiple Hook-Modulating Signals

In light of the parallel roles of EIN3/EIL1 and PIFs in apical hook
regulation, we next investigated whether EIN3/EIL1 and PIFs
integrate internal and external signals to fine-tune hook devel-
opment. Specifically, we observed the hook response of pifg
ein3 eil1 to multiple hormones and light signals. As with hls7,
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Figure 8. The pifq ein3 eil1 Sextuple Mutant Exhibits Insensitivity to Multiple Hormones and Light.

(A) and (C) Three-day-old etiolated seedlings were grown on ACC gradient (A) or PAC with/without GA gradient (B) medium, and the hook phenotype

was recorded. Bar = 1 mm.

(B) and (D) Quantification of the hook curvature phenotype in (A) and (C), respectively. The values shown indicate means + sg; n > 15.

(E) HLS1 transcript levels in pifqg ein3 eil1 seedlings after growth on MS, 1 uM JA, or 1 pM PAC medium for 3 d or after transient treatment with 10 ppm
ethylene or white light for 1 h. The HLS1 levels were normalized to PP2AA3 and calibrated to the transcript levels in Col-0 (set to a value of 1). The
values shown indicate means of biologically repeated experiments (using different pools of seedlings under noted conditions) with sp; n > 3.

pifq ein3 eil1 did not respond to a gradient of ACC (Figures
8A and 8B), nor to a gradient of Ag*, which blocks ethylene percep-
tion (Supplemental Figures 7A and 7B). GA treatment restored
the hook curvature defect induced by PAC in Col-0, ein3 eill,
and pifg. However, GA treatment did not result in any change
of pifq ein3 eil1 hook curvature (Figures 8C and 8D). Similarly,
neither JA treatment nor light exposure caused changes of pifg
ein3 eil1 hook curvature (Supplemental Figures 7C to 7E). Be-
cause of the gravitropic disorder of pifq ein3 eil1, the RT-Image
V1 system failed to capture the hook change in pifqg ein3 eil1, as
it was occasionally out of the viewing field. Instead of monitor-
ing the individual hook region, we recorded the whole Petri dish
for a larger field of view in the updated version of the real-time
imaging system (referred to as RT-Image V2 in Methods). The
opening processes in Col-0, ein3 eil1, pif mutants, and EIN3ox
were similar with the previous results, wherein the ein3 eil7 and
pif mutants opened faster, while EIN3ox and ctr1 mutant had a
much slower opening process (Supplemental Figure 7E). The
change in hook angle was simultaneously recorded for pifq, and

it exhibited a fast opening upon light exposure (Supplemental
Figure 7E). In addition to the hook phenotype, HLS7 expression in
pifq ein3 eil1 was barely affected by multiple treatments, including
phytohormones and light (Figure 8E).

PIFs and EIN3/EIL1 Additively and Distinctly Regulate
Myriad Biological Processes

To further explore the relationship between PIFs and EIN3/
EIL1 in hook development regulation, transcriptome profiles
from 3-d-old etiolated seedlings (Col-0, his1, ein3 eil1, pifq,
and pifq ein3 eil1) were sequenced and analyzed. Differentially
expressed genes in his1, ein3 eil1, pifq, and pifq ein3 eil1 ver-
sus Col-0 were designated as HLS1-, EIN3/EIL1-, PIF-, and
PIF-EIN3/EIL1-regulated gene sets, respectively (listed in Sup-
plemental Data Set 1). Pairwise comparison revealed signifi-
cant overlap between all set pairs (Figure 9A; P < 0.001). For
instance, 23.3% of genes affected in the PIF-EIN3/EIL1 set
were also regulated by HLS1, while 28.3% of genes affected
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in the HLS1 set were regulated by PIF-EIN3/EIL1 (Figure
9A). Interestingly, 30.6% of EIN3/EIL1-regulated genes (148
out of 483) were also PIF regulated, but only 8.3% of PIF-
regulated genes (148 out of 1936) were regulated by EIN3 and
EIL1 (Figure 9A). This disparity indicates that more genes are
regulated by PIFs (1936) in etiolated seedlings than by EIN3
and EIL1 (483) and that there are separate processes regu-
lated either by PIFs or EIN3 and EIL1. The numbers of shared
genes among these four sets were summarized using a Venn
diagram, in which the genes were classified according to their
expression patterns (Figure 9B; Supplemental Figures 8A and
8B). Six classes were highlighted and genes in the following
classes were identified in the gene sets listed in parentheses:
Class 1 (genes identified as PIF-, EIN3/EIL1-, PIF-EIN3/EIL1-,
and HLS1-regulated), Class 2 (genes identified as PIF-, EIN3/
EIL1-, and PIF-EIN3/EIL1-regulated), Class 3 (genes identified
as PIF- and PIF-EIN3/EIL1-regulated), Class 4 (genes identified
as EIN3/EIL1- and PIF-EIN3/EIL1-regulated), Class 5 (genes
identified as PIF-, PIF-EIN3/EIL1-, and HLS1-regulated), and
Class 6 (genes identified as EIN3/EIL1-, PIF-EIN3/EIL1-, and
HLS1-regulated).

For each class, we performed Gene Ontology (GO) analysis
together with functional clustering using BiNGO in the Cytos-
cape software package and summarized the action mode of
EIN3/EIL1-PIFs in Figure 9C. Class 1 genes were preferentially
associated with shoot development, which might contribute
to the differential growth of hypocotyls. Class 2 genes were
associated with lipid transport and light response functions,
indicating cooperation between PIFs and EIN3/EIL1 for var-
ious biological processes other than hook development. At
the same time, the expression of many genes was specifically
regulated either by PIFs or by EIN3/EIL1, and these genes
were classified into different categories associated with mul-
tiple biological processes (Figure 9C; Classes 3-6). Class 3
genes were associated with photosynthesis and cell wall orga-
nization, whereas Class 4 genes were associated with the eth-
ylene pathway and stimulus/defense response. Class 5 and 6
genes clustered into separate processes, suggesting the exis-
tence of PIF-HLS1 and EIN3/EIL1-HLS1 regulatory pathways.
Taken together, these results indicate that PIFs and EIN3/EIL1
additively function as a transcriptional couple in some pro-
cesses but also function separately from each other in other
diverse processes.

DISCUSSION

The apical hook of dark-grown dicotyledonous seedlings is es-
sential for protecting the apical meristematic tissues and cotyle-
dons when seedlings protrude through the soil. In Arabidopsis,
hook development is well characterized as a differential growth
process: A laterally asymmetric distribution of auxin within
the hypocotyl apical region establishes hook formation, and it
is modulated by various internal and external signals. Among
these signals, ET and GA are positive regulators, whereas JA
and light negatively regulate hook formation. Previous studies
identified the HLS7 gene as an indispensable hook formation
factor whose mutation causes a hookless phenotype. HLS1
was further found to be a direct target gene of EIN3 and EIL1,

two master transcription factors in ET signaling. The synergism
between ET and GA, as well as the antagonism between ET
and JA, converges on EIN3 and EIL1 by affecting either their
abundance or activity, which subsequently impacts HLS7
expression.

In this study, we present several lines of evidence showing
that PIFs and EING/EIL1 are two types of transcription factors
that independently activate HLS7 transcription and integrate
multiple upstream signals to regulate hook development (Sup-
plemental Figure 8C). First, the compromised hook curvature of
ein3 eil1 was further inhibited by the GA biosynthesis inhibitor
PAC and JA treatment, hinting at the involvement of additional
transcription factors in response to PAC and JA. Second, PIFs
were found to function redundantly in maintaining hook forma-
tion in etiolated Arabidopsis seedlings. Loss of PIF1/3/4/5 led
to reduced hook curvature and HLS7 expression, and the more
severe phenotypes were generally observed in higher order pif
mutants. Inducing individual PIF genes in pifq, which exhibits a
largely hookless phenotype, restored hook formation and HLS1
expression. Third, PIF4 was found to activate HLS transcription
by directly binding to an E-box motif in the HLS 7 promoter. EIN3/
EIL1 and PIFs alone were capable of activating HLS7 expression
and promoting hook curvature, indicative of independent modes
of action. Fourth, JA inhibited PIF function partly through the ac-
tion of MYC2, which can physically interact with PIFs. Finally, the
pifq ein3 eil1 sextuple mutant exhibited a completely hookless
phenotype and marginal HLS1 expression, both of which were
irresponsive to all of the signals examined, including ET, GA, JA,
and light. Together with the previous findings that JA-activated
MYC2 represses EIN3 function (Song et al., 2014; Zhang et al.,
2014), that light promotes the degradation of EIN3/EIL1 and PIFs
(Leivar and Quail, 2011; Shi et al., 2016), and that DELLA pro-
teins inhibit EIN3/EIL1 and PIFs while ethylene stabilizes them
(Guo and Ecker, 2003; de Lucas et al., 2008; Feng et al., 2008; An
et al., 2010; Li et al., 2016; Dong et al., 2017; Jiang et al., 2017),
we propose that PIFs and EIN3/EIL1 function as a transcrip-
tional couple in regulating hook development. Moreover, their
abundance and/or activity are similarly regulated by multiple
hook-modulating hormones and light.

All four PIFs analyzed in our study positively regulated hook
development, but they may nevertheless have distinct contri-
butions or mechanisms. For instance, PIF3 had a relatively low
capacity to promote hook curvature and HLS7 expression upon
induction in iPIF3/pifq ein3 eil1. Probably due to the dominant
role of PIF1 in repressing seed germination (Oh et al., 2004), we
can hardly observe a pronounced effect of PIF71 induction on
hook formation in iPIF1/pifq ein3 eil1 seedlings. Although both
PIFs and EIN3/EIL1 are required for proper hook development,
pifq seedlings had a more greatly reduced hook curvature com-
pared with ein3 eil1, further underscoring the differences be-
tween PIFs and EIN3/EIL1. One possible explanation for their
distinct activities is that PIFs, as essential skotomorphogenic
components, typically accumulate at relatively high levels in
etiolated seedlings (Leivar and Quail, 2011), whereas EIN3 and
EIL1 are stress-responsive proteins with limited abundance at
the resting state (Guo and Ecker, 2003). Consistent with this,
there are more transcriptionally altered genes in etiolated pifg
seedlings than in ein3 eil1. As such, the abundance and activity
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Figure 9. PIFs and EIN3/EIL1 Additively and Distinctly Regulate Myriad Biological Processes.

(A) Venn diagrams showing the pairwise overlap between the HLS1-, PIF-EIN3/EIL1-, EIN3/EIL1-, and PIF-regulated gene sets. “1” represents activated
genes that show decreased transcript levels in both mutants (compared with Col-0); “|” represents repressed genes that show elevated transcript
levels in both mutants (compared with Col-0). Genes showing opposite changes of expression in two compared mutants were excluded from the over-
lap. Percentage values indicate the percentage of overlapping genes among total regulated genes. P values were calculated using the hypergeometric

distribution.

(B) Venn diagram showing the overlaps among the HLS1-, PIF-EIN3/EIL1-, EIN3/EIL1-, and PIF-regulated gene sets. Genes sharing accordant tran-
scriptional pattern among mutants were counted as overlaps. Classes 1 to 6 were selected for the GO enrichment analysis in (C).

(C) Summary of action for EIN3/EIL1 and PIFs, which function as a transcriptional couple in the regulation of HLS7 and other downstream genes in
diverse processes. Representative genes with known functions in various biological processes are listed. Repressed and activated genes (thus, up-
and downregulated in corresponding mutants) are shown in black and red, respectively.

of PIFs in darkness may provide a suitable target for the removal
or opening of hook curvature by negative signals, such as light
and JA. Conversely, the limited abundance of EIN3 and EIL1
may help guarantee an efficient response to positive signals,
such as ET, whose production is triggered during emergence,

and GA, which is abundant during germination. The similar but
distinct regulatory patterns of PIFs and EIN3/EIL1 (in terms of
kinetics and extent) by these signals further stress the additive
yet independent roles of these core transcription factors in the
control of hook development.
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The HLS1 gene is an essential regulator of hook formation,
and the his1 mutant remains hookless when treated with ET or
GA (An et al., 2012). Previous studies together with this study
have showed the positive correlation between HLS1 transcript
levels and hook angles, illustrating the important role of HLS1
transcriptional regulation in hook development. However, the
hook curvature of his1 arf2 seedlings is slightly exaggerated
by ET (Li et al., 2004), suggesting the existence of a HLS1-
independent pathway. Consistently, ET has been reported to
modulate auxin response and transport through AUX1/LAX3
and PINs (Vandenbussche et al., 2010; Zadnikova et al., 2010).
By inducing PIF4 in iPIF4/his1 transgenic plants, we found
that PIF4 overexpression was able to restore hook formation
in the hls1 mutant to a limited degree (Supplemental Figure 2),
supporting the existence of a HLS1-independent pathway for
PIF4-promoted hook development. This is further supported by
the findings that PIFs can directly regulate auxin biosynthesis
and signaling (Hornitschek et al., 2012). It was recently shown
that PIF5-targeted decrease of PILS expression mediates the
hook opening process (Béziat et al., 2017). We also found that
PIF-regulated genes (Class 3; Figure 9C) were associated with
auxin response. Thus, EIN3/EIL1 and PIFs may promote hook
formation via both HLS1-dependent and HLS1-independent
pathways.

Through mRNA sequencing analysis, our studies reveal that
EIN3/EIL1 and PIFs regulate gene expression and biological pro-
cesses both additively and separately (Figure 9C; Supplemental
Figure 8C). From the analysis, 30.6% of EIN3/EIL1-regulated
genes were also affected by PIFs (Classes 1 and 2; Figure 9B),
and these genes were functionally associated with shoot de-
velopment, lipid transport, and light response (Supplemental
Figure 8C). Among these, genes associated with shoot devel-
opment, which could potentially contribute to differential growth
of the hypocotyl, were coregulated by HLS1 (Class 1). For EIN3/
EIL1-regulated genes, the associated processes included eth-
ylene response (Class 4) and dehiscence (Class 6); for PIF-
regulated genes, the functional analysis identified photosynthesis
(Class 3) and glycosinolate biosynthesis (Class 5). Taken to-
gether, our data show how PIFs and EINS/EIL1 function as a
transcriptional couple to integrate multiple upstream signals
and regulate myriad biological processes both additively and
distinctly.

METHODS
Plant Materials, Genetic Manipulation, and Growth Conditions

Arabidopsis thaliana ein3-1 eil1-1 (Alonso et al., 2003), pif1 (SALK_
131872C) (Penfield et al., 2005), pif3 (SALK_081927C) (Zhong
et al., 2010), pif4 (SALK_140393C) (Zhong et al., 2012), pif5 (SALK_
087012C) (Fujimori et al., 2004), pif1 pif3 (Zhong et al., 2010), pif3-3 pif4-2
(Leivar et al., 2008), pif3 pif5-3, pif4-2 pif5, pif1-1 pif3-3 pif4-2 (Leivar et
al., 2008), pif1 pif3 pif5, pif3-3 pif4-2 pif5 (Leivar et al., 2008), pif1 pif3
pif4 pif5 (pifq) (Zhong et al., 2012), myc2-2 (Lorenzo et al., 2004), his1-1
(Guzman and Ecker, 1990), phyA-211 phyB-9 (Strasser et al., 2010),
EIN3ox (Chao et al., 1997), PIF3ox (Kim et al., 2003), and PIF4ox (Oh et al.,
2012) were lab stock. The pifq ein3 eil1 sextuple mutants were generated
by crossing pifq and ein3 eil1, followed by PCR-based genotyping of

the F2 population. pER8:PIF3/4/5-MYC/pifq ein3 eil1 (iPIF/pifq ein3 eil1)
transgenic plants were obtained by cloning PIF3/4/5 coding sequences
into the pER8 vector and transforming the constructs into the pifq ein3
eil1 background. Homozygotes were characterized by hygromycin re-
sistance in the T2 population. Between two individual iPIF4/pifq ein3
eil1 lines, the PIF4 expression level was greater in the #6-2 line than in
the #20-1 line. pER8:PIF4-MYC/hls1-1 (iPIF4/hls1) plants were obtained
by transforming the PIF4/pER8 construct into the his71-1 background,
and the homozygotes were characterized by hygromycin resistance in
the T2 population. pER8:PIF3/4/5-MYC/pifq (iPIF/pifq) transgenic plants
were obtained by crossing each iPIF/pifq ein3 eil1 line with pifq, and the
homozygotes were characterized by PCR-based genotyping of the F2
population.

Seeds were surface-sterilized with 75% ethanol and 0.1% Triton
X-100 for 15 min and washed with 100% ethanol once. The air-dried
seeds were subsequently placed on Murashige and Skoog (MS) medium
(4.4 g/L MS salt, 1% sucrose, pH 5.7, and 0.8% agar) with or without the
indicated treatment. After imbibition for 3 d at 4°C with or without the
indicated treatment to stimulate germination, the samples were main-
tained in darkness at 22°C for another 2.5 to 3 d before recording the
hook phenotype or detecting gene transcript levels.

Solution Preparation

ACC, methyl jasmonate (MeJA), PAC, GA,, p-estrogen, and AgNO, were
purchased from Sigma-Aldrich. ACC and AgNO, were dissolved in water
to prepare 10 mM stock solution; MeJA, PAC, and GA3 were dissolved in
absolute ethanol to prepare 100 mM stock solution; and p-estrogen was
dissolved in DMSO to prepare 5 mM stock solution. For mock treatment,
ethanol or DMSO was diluted in liquid MS or MS medium at the same fold
dilution, respectively. In all of our analyses, MeJA and GA, were used for
the JA and GA treatment, respectively.

Hook Curvature Measurement and Real-Time Imaging System

Images of individual hooks were acquired using a Canon camera with a
macro lens, and hook angles were measured using the ImageJ program
(http://rsbweb.nih.gov/ij/). The bending angles were measured as de-
scribed in the literature (Vandenbussche et al., 2010). The values shown
indicate means + sg; n > 15.

Seedlings for RT-Image V1 were sown on MS medium containing
1.5% agar. After growth for 2.5 d in darkness with the plates vertically
positioned, the plates were exposed to light, and individual hook images
were taken every 15 min by a commercial seedling phenotyping plat-
form (Dynaplant; http://www.yph-bio.com/DynaPlant.asp). Hook angles
were measured using MATLAB. Hook opening rate (degrees/min) was
determined by dividing the change in angle (between the previous time
point and the current time point) by 15 min. The values shown indicate
means + sSg; n > 15.

Seedlings for RT-Image V2 were grown using similar conditions, but
the whole Petri dish was imaged every 30 min instead of imaging the
hook region of individual seedlings. Hook angles were measured using
the ImagedJ program, and the values shown indicate means + sg; n > 15.

Statistical Analysis

For multiple comparison, significance analysis was performed as pair-
wise comparison based on one-way ANOVA along with Bonferroni cor-
rection at a significance level of 0.01, and IBM SPSS Statistics software
was used for the analysis. Different lowercase letters above the bars
in each histogram indicate a significant difference. An ANOVA table is
provided in Supplemental Data Set 2.
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For others, statistical significance was calculated between two noted
samples using two-tailed Student’s t test. Asterisks denoted statistical
significance test (***P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05).

Pearson’s correlation coefficients between hook angles and HLS7
transcription levels were calculated using IBM SPSS Statistics software
with default parameters. R represented the correlation coefficients and P
represented the significance.

Protein Extraction and Immunoblotting

Whole seedlings were finely ground in liquid nitrogen and suspended
thoroughly in protein extraction buffer (60 mM Tris-HCI, pH 6.8, 25%
glycerol, 2% SDS, 14.4 M B-mercaptoethanol, 0.1% bromophenol, and
1 M DTT) by vortexing. Proteins were extracted by boiling for 10 min
at 100°C and then roughly separated via centrifugation (13,000 rpm for
15 min at 4°C). Supernatants were loaded onto 10% SDS-PAGE gels,
and the proteins were transferred to a nitrocellulose filter membrane
(Millipore) according to a standard protocol. Anti-MYC (ABclonal) and
anti-EIN3 (Guo and Ecker, 2003) were diluted 5000-fold for incubation
with the membranes. Goat anti-mouse (or anti-rabbit) HRP-conjugated
secondary antibody (Promega) was diluted 7500-fold.

RNA Extraction, Reverse Transcription, and Real-Time PCR

Total RNA was extracted from whole etiolated seedlings using Trizol
reagent (Invitrogen). Total RNA was subjected to reverse transcription
at 42°C for 1 h with M-MLV reverse transcriptase (Promega). The oligo
sequences for each of the detected genes are listed in Supplemental
Data Set 2. Real-time PCR was performed on a Light Cycler 480 system
(Roche) with SYBR Premix Ex Taq reagent (TaKaRa). Each experiment
was performed at least three times using different pools of seedlings un-
der noted conditions, and the values shown indicated means of repeated
experiments with sp; n > 3.

Protein Expression and Purification

The coding sequences of PIF1, PIF4, and PIF4 201-430aa (bHLH domain
of PIF4, abbreviated as PIF4C) were cloned into the pCold-TF vector
(GE Healthcare) for TF fusion (HIS-tagged trigger factor) and transformed
into Transette (DE3) competent cells (TransGen). Protein expression was
induced by 0.1 mM IPTG at 16°C, and proteins were purified with Ni-NTA
Agarose (Qiagen) following the manufacturer’s instructions. MBP-MYC2
and MBP protein were expressed and purified as previously described
(Chen et al., 2011).

EMSA

Oligonucleotide probes for HLS1 were synthesized, and the annealed
double-stranded DNA was labeled with digoxigenin (DIG). EMSA was
performed according to the instructions for DIG Gel Shift Kit 2nd Gen-
eration (Roche). Briefly, 16 fmol of labeled probes were incubated in 1x
binding buffer, 0.1 ug poly L-lysine, and 0.1 ug poly (dA-dT) with or without
proteins at 22°C for 20 to 60 min. For nonlabeled probe (cold/mutant
cold probe) competition, 4 pmol of cold/mutant cold probe was added
to the reactions.

ChIP-PCR

ChIP-PCR was performed according to methods described in the lit-
erature (Gendrel et al., 2005) with minor modifications. Seedlings were
grown on 5 uM B-estrogen medium for 3 d in darkness and then whole
seedlings from four different genotypes were subjected to same pro-
cedures, in which pifq seedlings were used as negative controls (set to
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a value of 1) for iPIF4/pifq while pifq ein3 eil1l seedlings were used as
negative controls (set to a value of 1) for iPIF4/pifq ein3 eil1. Two grams
of etiolated seedlings were cross-linked in 1% formaldehyde followed
by chromatin isolation. Anti-MYC antibodies (ABclonal) were added to
the sonicated chromatin followed by incubation overnight to precipitate
bound DNA fragments. After immobilization using Recombinant Protein
G-Sepharose 4B (Invitrogen), bound DNA was eluted and amplified with
primers corresponding to sequences in the HLS1 promoter. The primers
are listed in Supplemental Data Set 2. Each experiment was performed
three times using different pools of seedlings and the values shown indi-
cate means of repeated experiments with sp; n =3

Pull-Down Assay

The in vitro purified TF-PIF1 (PIF1 fused with HIS-tagged trigger factor)
and TF-PIF4 were incubated with Ni-NTA agarose (Qiagen) 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 f-mercaptoethanol, and 1x protease
inhibitor cocktail) for 4 h at 4°C. MBP fusion proteins were added and
incubated for another 3 h at 4°C. After five washes with pull-down buffer,
the precipitated resins were collected by brief centrifugation then treated
with protein extraction buffer. Proteins were separated by SDS-PAGE and
detected with anti-MBP (NEB) or anti-HIS (Tiangen).

Firefly Luciferase Complementation Assay

The coding sequences of PIF1/3/4/5 were inserted into the multiple clon-
ing site of pPCAMBIA1300-nLUC (Chen et al., 2008). MYC2-LUC® was
described previously (Zhang et al., 2014). Plasmids were extracted and
purified using Plasmid Maxiprep kits (Vigorous).

Arabidopsis protoplasts were prepared from 10-d-old green seedlings
or 4-week-old adult seedlings following a standard protocol. For the as-
say, 10 pug of each construct (one LUC" construct and one LUC® con-
struct) was cotransformed into protoplasts and incubated for 12to 16 h in
darkness. After the incubation period, luciferin (Gold Biotechnology) was
added, and luciferase activity was recorded on an LB 985 NightSHADE
system (Berthold Technologies).

DLR System

ProHLS1_WT:LUC was constructed by amplifying 1.5 kb of the Arabi-
dopsis HLS1 promoter and inserting it into the pGreen Il 0800-LUC vec-
tor (Hellens et al., 2005). Mutated/deleted versions of the HLS 1 promoter
were amplified using KOD polymerase (Toyobo), site-specific mutated/
deleted primers, and ProHLS1_WT:LUC as template. The fragments
were digested with Dpnl and subsequently treated with T4 ligase. The
ProPIL1:LUC plasmid was described previously (Zhang et al., 2013).

The coding sequences of EIN3 and MYC2 were amplified and inserted
into pCAMBIA1300-nLUC (Chen et al., 2008). EIN3-LUC", PIF4-LUC",
and MYC2-LUC" were used as effectors.

Agrobacterium tumefaciens strain GV3101 carrying the reporter plas-
mid (ProHLS1:LUC) and specific effector plasmids (empty vector, EIN3,
or PIF4) were cultured to OD, = 0.15 and OD,, = 0.15/0.3/0.45 for
1x/2x/3x, respectively. The reporter and effector were combined at equal
volumes, maintained at room temperature without shaking for 3 h, infil-
trated into Nicotiana benthamiana leaves, and incubated for another 3 d.

Protoplasts from pifq ein3 eil1 or phyA phyB seedlings and maxiprep
plasmids were prepared as described above. For the assay, 3 pug reporter
plasmid and 9 pg effector plasmid (empty vector, EIN3, PIF4, MYC2,
or PIF4 + MYC2) were cotransformed into protoplasts and incubated for
12 to 16 h in darkness.

The DLR system (Promega) was used for transient expression analy-
sis in N. benthamiana leaves and Arabidopsis protoplasts. The activities
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of firefly (Photinus pyralis) and Renilla reniformis luciferases (LUC and
REN, respectively) were sequentially measured from a single sample on
a GLO-MAX 20/20 luminometer (Promega). The ratio of LUC/REN was
calculated as an indicator of the final transcriptional activity. The values
shown indicate means + sg; n > 3.

RNA Sequencing

Three-day-old etiolated seedlings of Col-0, his1, pifq, ein3 eil1, and pifq
ein3 eil1 plants (not including roots) were collected and ground into a fine
powder in liquid nitrogen. Total RNA was extracted using the RNeasy
Plant Mini kit (Qiagen). The RNA sequencing and differential gene ex-
pression analysis were performed at the Bionova Company. RNA quality
was evaluated on a Bioanalyzer 2100 instrument (Agilent). Sequencing
libraries were prepared following the protocol for the Directional RNA Li-
brary Prep Kit (NEB), and 150-nucleotide paired-end high-throughput se-
quencing was performed on an lllumina HiSeq X Ten system. Low quality
sequencing reads were removed. Clean reads were mapped to the Ara-
bidopsis reference genome (TAIR10; www.arabidopsis.org) with Tophat2
(https://ccb.jhu.edu/software/tophat/index.shtml) software, and dif-
ferentially expressed genes were identified using cuffdiff (http://cole-
trapnell-lab.github.io/cufflinks/cuffdiff/) based on a fold change > 2 and
g-value < 0.05 between the case group sample and the control group
sample. Venn diagrams were generated based on elevated transcripts
in all four mutants compared with Col-0 (defined as genes repressed by
HLS1 and/or transcription factors) or decreased transcripts in all four
(defined as genes activated by HLS1 and/or transcription factors) sepa-
rately using VENNY 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/index.
html). The numbers in Figures 9A and 9B, except the ones labeled by
arrows, were calculated by adding the amount of elevated and decreased
transcripts, based on the specific category. P values were calculated
using the hypergeometric distribution (Zhou et al., 2007). GO enrich-
ment analysis was performed using BiNGO (https://www.psb.ugent.be/
cbd/papers) in the Cytoscape software package (http://cytoscape.org).
Activated genes and repressed genes were tested separately as well.
Default parameters were used for all analyses performed using the
bioinformatics software.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Ge-
nome Initiative or GenBank/EMBL databases. The accession numbers
are listed in Supplemental Table 2. Raw data for the RNA-sequencing
are available at the Gene Expression Omnibus database under accession
number GSE116802.
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Supplemental Figure 1. PIF4-promoted hook development partially
depends on HLS1.
Supplemental Figure 2. PIFs promote HLS7 expression.

Supplemental Figure 3. EIN3/EIL1 and PIFs promote hook curvature
and HLS1 expression in parallel.

Supplemental Figure 4. PAC treatment inhibits the function of PIFs
while ET-promoted hook development depends on EIN3/EIL1.

Supplemental Figure 5. JA promotes PIF4 degradation.

Supplemental Figure 6. Dynamic change of hook curvature and gene
expression after light exposure.

Supplemental Figure 7. pifq ein3 eil1 exhibits insensitivity to multiple
hormones and light.
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mRNA sequencing.
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