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Light elicits different growth responses in different organs of plants. These organ-specific responses are prominently
displayed during de-etiolation. While major light-responsive components and early signaling pathways in this process have
been identified, this information has yet to explain how organ-specific light responses are achieved. Here, we report that
members of the TEOSINTE BRANCHED1, CYCLOIDEA, and PCF (TCP) transcription factor family participate in
photomorphogenesis and facilitate light-induced cotyledon opening in Arabidopsis (Arabidopsis thaliana). Chromatin
immunoprecipitation sequencing and RNA sequencing analyses indicated that TCP4 targets a number of SMALL AUXIN
UPREGULATED RNA (SAUR) genes that have previously been shown to exhibit organ-specific, light-responsive expression.
We demonstrate that TCP4-like transcription factors, which are predominantly expressed in the cotyledons of both light- and
dark-grown seedlings, activate SAUR16 and SAUR50 expression in response to light. Light regulates the binding of TCP4 to
the promoters of SAUR14, SAUR16, and SAUR50 through PHYTOCHROME-INTERACTING FACTORs (PIFs). PIF3, which
accumulates in etiolated seedlings and its levels rapidly decline upon light exposure, also binds to the SAUR16 and SAUR50
promoters, while suppressing the binding of TCP4 to these promoters in the dark. Our study reveals that the interplay
between light-responsive factors PIFs and the developmental regulator TCP4 determines the cotyledon-specific light

regulation of SAUR16 and SAUR50, which contributes to cotyledon closure and opening before and after de-etiolation.

INTRODUCTION

When plants such as Arabidopsis (Arabidopsis thaliana) germinate
in the dark in soil, they undergo etiolation (or skotomorpho-
genesis). Etiolation is characterized by the formation of an apical
hook, closed cotyledons, a rapidly elongating hypocotyl, and lack
of chlorophyll accumulation. When the apical region of the
seedling emerges from the soil and perceives light, dramatic
morphological and physiological changes occur (de-etiolation),
including, among other responses, unfolding of the apical hook,
opening of cotyledons, and inhibition of hypocotyl elongation to
help the plant establish autotrophic growth (von Arnim and Deng,
1996; Chen et al., 2004; Kami et al., 2010). The transcription
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factors PHYTOCHROME-INTERACTING FACTORs (PIFs),
ETHYLENE-INSENSITIVES, and ELONGATED HYPOCOTYLS5 (HY5)
modulate overlapping aspects of these light responses (Shi et al.,
2018). Among these, PIFs transcription factors play a central role
in maintaining essentially all aspects of etiolation and appear to
play a predominant role over other transcription factors in mod-
ulating cotyledon morphology. The loss of PIFs (pif1 pif3 pif4 pif5,
or pifq) results in open cotyledons in the dark (Leivar et al., 2008;
Shin et al., 2009; Sentandreu et al., 2011; Shi et al., 2018). When
etiolated seedlings are exposed to light, PIF proteins undergo
rapid phosphorylation and degradation, an event that is necessary
for de-etiolation, including the timely opening of cotyledons (Al-
Sady et al., 2006; Dong et al., 2017; Ni et al., 2017). Phyto-
hormones such as gibberellin, brassinosteroid, and jasmonate
affect etiolation and light responses largely via mechanisms in-
volving CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and
PIFs (Feng et al., 2008; Li and He, 2016; Zheng et al., 2017).
The light signaling pathways have been defined in a general
sense, but the responses to light signals are highly tissue de-
pendent: while rapid cell expansion halts in hypocotyl cells upon
exposure to the light, cotyledon cells expand and differentiate
(Blum et al., 1994; Wei et al., 1994; von Arnim and Deng, 1996).
Light-responsive gene expression also tends to be tissue specific
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Background: When germinating in darkness in the soil, an Arabidopsis seedling undergoes etiolation (or
skotomorphogenesis), typically showing an apical hook, yellow and closed cotyledons, and a rapidly elongating
hypocotyl. When the seedling is exposed to light as it emerges from the soil, it dramatically changes its growth
trajectory (de-etiolation). The challenge is that light triggers different responses in different organs: rapid expansion is
halted in hypocotyl cells, while cotyledon cells expand and differentiate. In general, light activates photoreceptors,
which rapidly remove the bulk of light repressors called PIF (Phytochrome Interacting Factor) transcription factors.
PIFs regulate the expression of a large number of genes, including many SAUR genes that might function in cell
expansion. Light increases SAUR16 and SAURS50 expression in cotyledons and decreases their expression in
hypocotyls.

Question: We wanted to know which genes are involved in cotyledon opening during de-etiolation and whether they
are regulated in a similar or different manner in cotyledons versus hypocotyls. Finally, we wanted to know how light
regulates this process.

Findings: TCP (TEOSINTE BRANCHED1, CYCLOIDEA, and PCF) developmental regulators, specifically TCP4-like
(TCP3, TCP4, TCP10) transcription factors, facilitate cotyledon opening by transcriptionally activating SAUR 14,
SAUR16, and SAURS50 in cotyledons. TCP4 directly binds to the promoter regions of these genes, but the binding is
suppressed in the dark. The SAUR14, SAUR16, and SAURS50 promoters are also bound by PIFs, and PIF3 inhibits
the binding of TCP4 to these promoters when PIF3 is present at high levels, such as in the dark. We propose that
TCP4-like factors are responsible for the cotyledon-specific activation of SAUR76 and SAUR50, while PIFs control its
light responsiveness. The resulting cotyledon-specific light induction of the SAUR genes ultimately contributes to
light-induced cotyledon opening during de-etiolation in Arabidopsis.

Next steps: The precise molecular mechanism of how PIF3 inhibits the binding of TCP4 to the promoter regions of
SAUR genes requires further investigation. In addition, uncovering how these SAUR gene products cause cotyledons
to open will require careful study at the molecular and cellular levels.

(Kohnen et al., 2016; Sun et al., 2016). This is exemplified by the
identification of a group of SMALL AUXIN UP RNA (SAUR) genes
whose transcriptional responses to light display extraordinary
organ specificity (Sun et al., 2016). The SAUR gene family was
initially defined as a set of auxin-inducible genes that regulate
development, especially in hypocotyls (McClure and Guilfoyle,
1987; Ren and Gray, 2015), many of which act by promoting cell
expansion (Chaeetal.,2012; Spartzetal.,2012; Kong et al.,2013).
In etiolated seedlings, SAUR14, SAUR16, and SAUR50 are in-
duced by auxin in hypocotyls, but not in cotyledons; conversely,
they can be induced by the light in cotyledons, but not in hypo-
cotyls (Sun et al., 2016). These SAURs are direct target genes of
the PIFs (Sun et al., 2016), but since PIFs are expressed in both
cotyledons and hypocotyls (Zhang et al., 2013; Sun et al., 2016),
PIF functions alone cannot explain how the light responsiveness
of SAUR gene expression is differentially controlled in an organ-
specific manner.

Members of the TEOSINTE BRANCHED1, CYCLOIDEA, and
PCF (TCP) family of plant-specific transcription factors regulate
leaf morphology, branching, leaf senescence, petal development,
and numerous other aspects of development as well as defense
responses in Arabidopsis (Palatnik et al., 2003; Martin-Trillo and
Cubas, 2010; Efroni et al., 2013; Huang and Irish, 2015). Within the
CINCINNATA-like subgroup (CIN-like TCPs; Supplemental Fig-
ure 1), five TCPs, including TCP4-like genes (TCP3, TCP4, and
TCP10), are targets of the microRNA miR319 (Palatnik et al., 2003).
In situ hybridization data indicate that TCP4 is predominantly
expressed in cotyledons and young leaves (Palatnik et al., 2003)
and regulates the morphogenesis of these organs (Koyama et al.,
2010). In addition, TCP4 activates auxin biosynthetic genes to
promote hypocotyl elongation in light-grown seedlings (Challa
etal., 2016). Afew TCP genes are also involved in light responses.

TCP17 might regulate shade-induced hypocotyl elongation (Zhou
et al., 2018). TCP2 interacts with cryptochromes and participates
in blue light-stimulated photomorphogenesis (He et al., 2016).

Here, we describe a cotyledon-specific, light-induced TCP4-
SAUR16 and SAUR50 transcriptional regulatory module that fa-
cilitates light-induced cotyledon opening during the de-etiolation
of seedlings. In this pathway, PIF3 confers light signal re-
sponsiveness by repressing TCP4-induced activation of the
SAUR genes in the dark, while TCP4 provides cotyledon speci-
ficity. Our data support a model in which PIF3, which accumulates
in the dark, inhibits the binding of TCP4 to the promoter of the
SAUR16 and SAUR50 genes. Light-triggered degradation of PIF3
proteins allows TCP4 to activate the expression of these SAUR
genes, which contributes to the changes in cotyledon morphology
during de-etiolation.

RESULTS

TCP4-Like Genes Play a Positive Role in Light-Induced
Cotyledon Opening

By analyzing previously published organ-specific and light-
dependent transcriptome data (Sun et al., 2016), we found that
thetranscripts of the CIN-like clade of TCP genes, including TCP4-
like genes (TCP3, TCP4, and TCP10), were predominantly
expressed in cotyledons, but notin hypocotyls in etiolated or light-
exposed seedlings (Supplemental Figure 1; Sun et al., 2016). We
set out to study the potential involvement of TCPs in light-induced
cotyledon development. Cotyledon opening and expansion are
often mentioned together to describe changes in cotyledons
during de-etiolation. However, cotyledon opening displays faster
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kinetics than cotyledon expansion (Supplemental Figure 2). When
3-d-old, dark-grown seedlings (wild-type Columbia [Col]) were
transferred to white light, the cotyledons started to open from the
tip, or the distal end, at ~4 h after light treatment (DL4 h). The
cotyledon opening process took place within 24 h after transfer to
light for most seedlings, and the cotyledons were fully opened
(opening angles to 180°) before the end of day 2 in the light. The
expansion of cotyledons was a much slower process, taking
several days (Supplemental Figure 2) or as many as 8 d in the light
before the growth curve plateaued (Blum et al., 1994). The different
kinetics of cotyledon opening and expansion suggests that the
control mechanisms of the two light-induced processes might not
be identical.

Inthis study, we focused specifically on light-induced cotyledon
opening and examined this phenotype in tcp mutants and TCP4
overexpression lines. In the dark, tcp3 tcp4 tcp10 triple mutant
seedlings exhibited closed cotyledons, similar to those of Col
(Figure 1A). When scored for the percentage of seedlings with
open cotyledons, we found that most cotyledons of Col seedlings
opened within 5 h after being transferred to light, while tcp3 tcp4
tcp10 mutant seedlings showed slower kinetics of cotyledon
opening, suggesting that these three TCP4-like genes are nec-
essary for a timely response to light during cotyledon opening
(Figures 1A and 1B). Higher order mutants of CIN-like TCPs also
showed retarded cotyledon opening after light exposure, but the
phenotypes were no more severe than those of tcp3 tcp4 tcp10
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(Figure 1C). These results suggest that the TCP4-like genes likely
have greater functional involvement in light-induced cotyledon
opening than other TCP genes.

We examined two TCP4 overexpression lines (35S:Myc-
mTCP4), mTCP4#4 and mTCP4#10, in which the Cauliflower
mosaic virus 35S promoter was used to drive a mutated form of the
TCP4 (mTCP4) coding sequence that is resistant to miR319-
mediated downregulation (Tao et al., 2013). The mTCP4#10 line
showed higher expression of TCP4 than mTCP4#4 (Figure 1D). In
contrast to the closed cotyledons of Col seedlings, most
mTCP4#4 and mTCP4#10 seedlings developed open cotyledons
in the dark (Figures 1E and 1F). The percentage of seedlings with
open cotyledons and the angles of cotyledon separation appeared
to be positively correlated with the expression levels of TCP4
(Figures 1E to 1G). Taken together, these results indicate that the
TCP4-like genes are not required for etiolation but are necessary
for rapid, light-induced cotyledon opening during de-etiolation
and that ectopic overexpression of TCP4 can cause cotyledon
opening in the dark.

SAUR Genes Are Potential Targets of TCP4

In an effort to elucidate the potential mechanism(s) by which TCP4
promotes cotyledon opening, we performed chromatin immu-
noprecipitation sequencing (ChlP-seq) and whole transcriptomic
RNA sequencing (RNA-seq). ChlP-seq of 4-d-old, dark-grown
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Figure 1. TCP4-Like Genes Promote Light-Induced Cotyledon Opening.

(A) to (C) The tcp3 tcp4 tcp 10 triple mutant shows delayed light-induced cotyledon opening. Four-day-old dark-grown Col and tcp3 tcp4 tcp10 seedlings
were illuminated with continuous white light (at 40 umol/m?2/s). (A) Photographs of 4-d-old dark-grown seedlings (D) or after DL4 h. (B) Cotyledon opening
percentages at the indicated time points after light exposure. (C) Relative cotyledon opening percentages of Col and tcp mutants at DL4 h. Dataare shown as

the mean = se.

(D) to (G) Overexpression of TCP4 results in cotyledon opening in the dark. (D) The expression levels of TCP4 mRNA in 4-d-old dark-grown Col and 35S:Myc-
mTCP4#4 and #10 (mTCP4 #4 and #10) seedlings were determined by RT-gPCR analysis. Data are shown as the mean =+ sp of three biological replicates (see
“Methods”). (E) Images of mTCP4#4 and mTCP4#10 dark-grown seedlings (4 d) showing open cotyledons. Cotyledon opening percentages (F) and
cotyledon opening angles (G) of Col, mTCP4#4, and mTCP4#10 seedlings after 4 d of growth in the dark. Data are shown as the mean =+ sk.
Statistical analysis was performed via two-tailed Student’s t test compared with Col: ***, P < 0.001.
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mTCP4#10 seedlings identified ~6000 TCP4-bound genes
(Supplemental Figure 3A; Supplemental Data Set 1). Most of the
binding sites of these genes were located at promoter regions
(Supplemental Figure 3B), with strong enrichment of the GGACCA
motif in the promoters (Supplemental Figure 3C). We performed
RNA-seq analysis using cotyledon tissues of dark-grown
mTCP4#4 and mTCP4#10 lines, thereby identifying 4000 and
4042 genes, respectively, that were differentially expressed
compared with Col. Among these, 2446 genes were coregulated
in both lines (Supplemental Figures 4A and 4B; Supplemental Data
Set 2), suggesting that the expression of these genes in cotyle-
dons is likely affected by TCP4 overexpression. Among the
2446 TCP4-regulated genes in cotyledons, 781 genes whose
promoters were also bound by TCP4 in the ChIP-seq experiment
were identified (Figure 2A; Supplemental Data Set 3). This group of
genes includes known TCP4 targets such as ARABIDOPSIS
RESPONSE REGULATORT16, LIPOXYGENASE2, CONSTANS,
and YUCCAS (highlighted in Supplemental Data Set 3; Efroni etal.,
2013; Challaetal., 2016; Kubota et al., 2017; Liu et al., 2017). Also

found in this group were six SAUR genes, including SAUR14,
SAUR50, SAUR16, SAUR62, SAUR77, and SAUR78, whose
promoters were bound by TCP4 and whose expression levels
in cotyledons were elevated in dark-grown mTCP4#4 and
mTCP4#10 plants (Figures 2B and 2C). Theresults forthese SAUR
genes were verified by ChIP-quantitative (q)PCR and RT-gPCR
(Supplemental Figures 3D and 4C).

SAUR Genes Are Required for mTCP4-Induced Cotyledon
Opening in the Dark

Similar to the tcp3 tcp4 tcp10 triple mutant, we found that the
saur16 saur50 double mutant exhibited slower kinetics during
light-induced cotyledon opening than Col (Supplemental Figure 5;
Sun et al., 2016), while seedlings with high levels of SAUR50
overexpression resembled mTCP4 seedlings, with open cotyle-
dons in the dark (Sun et al., 2016). These observations led us to
hypothesize that TCP4 might activate SAUR genes to cause
cotyledons to open in the dark. To investigate whether the
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Figure 2. A Group of SAURs Are Potential Targets of TCP4.

(A) Among the 2446 differentially expressed genes in mTCP4 cotyledons, 781 genes were also bound by mTCP4 in the ChIP-seq analyses.

(B) Peak graphs showing the ChIP-seq raw reads at the indicated gene loci in mTCP4 and Col samples. The arrows indicate the directions of transcription,
and the blue bars indicate the transcripts of each gene. Bars = 250 bp. AAR16, ARABIDOPSIS RESPONSE REGULATORT16; LOX2, LIPOXYGENASE2.
(C) Lines mTCP4#4 and mTCP4#10 show increased expression of SAUR genes in cotyledons of dark-grown seedlings. The graph shows the total counts
based on the RNA-seq data. Note that different axis labels are used for SAUR74, SAUR50, SAUR16, and SAUR78 versus SAUR62 and SAUR77.
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open-cotyledon phenotype of dark-grown mTCP4 seedlings
could be attributed to the increased expression of SAUR genes,
we generated mutations in multiple SAUR loci in the mTCP4#10
background using a clustered regularly interspaced short palin-
dromic repeat (CRISPR)/ CRISPR associated protein 9 (Cas9)
strategy (Supplemental Figure 6A). As shown in Figure 3, the
percentages of seedlings showing open cotyledons, as well as the
opening angles of cotyledons in dark-grown mTCP4#10, were
significantly suppressed in the saur50 single mutant and saur16
saur50 double mutant backgrounds. The cotyledon phenotypes of
dark-grown mTCP4 overexpression lines were almost completely
rescued in the saur16 saur50 saur77 saur78 and saur16 saur50
saur62 saur77 saur78 higher order mutants (Figure 3). These
genetic data suggest that the elevated expression of SAUR genes
may largely account for the premature cotyledon opening phe-
notype of dark-grown mTCP4.

TCP Transcriptionally Activates SAUR50 and SAUR16 to
Promote Light-Induced Cotyledon Opening

Wethen examined whether the expression of these SAUR genesin
cotyledons is dependent on the TCPs and responsive to light. As
shown in Figure 4A, the expression of SAUR714, SAUR50, and
SAUR16 in cotyledons was robustly induced by 3 h of light irra-
diation. Remarkably, the light-induced expression of SAUR50 and
SAUR16 was abolished in the tcp3 tcp4 tcp10 triple mutant

Col mTCP4

s16 s50/mTCP4 #2

516 s50 s77 s78/mTCP4

516 s50 s62 s77 s78ImTCP4
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(Figure 4A). The expression of other SAUR genes did not appear to
be drastically affected by the tcp mutants tested. Among these
was SAUR14, whose expression was light induced, but was
apparently not specifically dependent on the TCP genes tested
(Figure 4A). With regard to SAUR50 and SAUR16 expression in
cotyledons, the data unequivocally showed that their light in-
duction, or simply transcriptional activation, was entirely de-
pendent on TCP4-like genes.

Since the tcp3 tcp4 tcp 10 mutant showed reduced expression
of SAUR16 and SAUR50, we next asked whether the slow cot-
yledon opening phenotype of tcp3 tcp4 tcp 10 could be rescued by
overexpression of the SAUR genes. Assuming there might be
functional redundancy between SAUR76 and SAUR50, we
transgenically expressed only SAUR50 in the tcp3 tcp4 tcp10
background (Supplemental Figure 6B). We selected three lines
with moderate overexpression of SAUR50 (<10-fold) compared
with previously published strongly SAUR50-overexpressing
transgenic lines (>20-fold) for phenotypic observation. Among
these lines, very few seedlings exhibited open cotyledons in the
dark, which allowed us to quantify the cotyledon opening kinetics
of these lines during de-etiolation (Figure 4C). We found that
SAUR50 overexpression efficiently accelerated the cotyledon
opening process of tcp3 tcp4 tcp10 seedlings in all three lines
(Figures 4B and 4C). Taken together, these data suggest that
TCP4-like transcription factors are required for light-induced
activation of SAUR50 and SAUR16 and that the failure to
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Figure 3. Mutations in the SAUR Genes Suppress the Premature Cotyledon Opening Phenotype of mTCP4 Plants.

(A) Photographs showing cotyledons of 4-d-old dark-grown seedlings of Col, mTCP4, saur50/mTCP4 (s50/mTCP4), saur16 saur50/mTCP4 (s16 s50/
mTCP4), saur16 saur50 saur77 saur78/mTCP4 (s16 s50 s77 s78/mTCP4), and saur16 saur50 saur62 saur77 saur78/mTCP4 (s16 s50 s62 s77 s78/mTCP4).
(B) Cotyledon opening percentages of the indicated lines, showing the reduced occurrence of premature cotyledon opening in the dark when multiple

indicated SAUR genes were mutated.

(C) Cotyledon opening angles of the indicated lines, showing the reduced severity of the phenotype caused by multiple SAUR gene mutations in mTCP4.
Data are shown as the mean =+ st. Statistical significance was calculated using two-tailed Student’s t test against mTCP4: **, P < 0.01; ***, P < 0.001.
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Figure 4. SAUR50 and SAUR16 Are Activated by the Expression of TCP4-like Genes to Promote Cotyledon Opening.

(A) Expression of SAUR16 and SAUR50 in cotyledons is light induced and is dependent on the presence of TCP4-like genes. Expression levels of the
indicated SAURs in cotyledons of Col and the indicated tcp mutants grown in the dark (D) or after light treatment for 3 h were determined by RT-qPCR. Data
are shown as the mean = sp of three biological replicates. Statistical analysis was performed using two-tailed Student’s t test against Col (DL3 h): ns, P > 0.05;

*, P < 0.05. DL3 h, 3 h after light exposure.

(B) and (C) Overexpression of SAUR50 rescues the delayed cotyledon opening phenotypes of tcp3 tcp4 tcp10 (tcp) mutants during the dark-to-light
transition. (B) Photographs showing cotyledons of the indicated lines taken in the dark or 4 h after light exposure. (C) Four-day-old dark-grown seedlings
were illuminated with white light, and cotyledon opening percentages at the indicated time after light exposure were scored. Data are shown as the

mean = se. D, dark; D to L, dark to light.

activate SAUR50/SAUR16 expression contributes to the slow
cotyledon opening phenotypes of tcp3 tcp4 tcp10 during the
dark-to-light transition.

Light Signals and Loss of PIFs Promote the Binding of TCP4
to the Promoters of the SAUR Genes

Our data have thus far indicated that TCP4 activates the tran-
scription of SAUR16 and SAUR50 in cotyledons during

de-etiolation. The key question that follows is how light signals
regulate TCP4-induced activation of the SAUR genes. While
SAUR16 and SAUR50 were robustly induced in response to light,
the mRNA expression of TCP4 and most CIN-like TCPs was
unresponsive or only mildly responsive to light, except for TCP10,
according to the RT-gPCR data (Supplemental Figure 7A) and the
RNA-seq data (Supplemental Figure 1A).

We monitored the effects of light on TCP4 proteins. The levels of
Myc-mTCP4 proteins slightly rose after dark-grown plants were
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transferred to light, and their levels slightly declined when light-
grown seedlings were transferred to the dark, suggesting that
light enhances Myc-mTCP4 protein abundance (Supplemental
Figure 7B). To test whether TCP4 protein stability is regulated by
COP1 and DE-ETIOLATED1 (DET1), we introduced the Myc-
mTCP4 transgene into the respective mutants by crossing.
Myc-mTCP4 protein levels were unchanged in cop1-4 and det1-1
(Supplemental Figure 7C), suggesting that Myc-mTCP4 is unlikely
to be a substrate of COP1 or DET1. The moderate, gradual in-
crease in TCP4 protein levels in the light is consistent with its
known function as a regulator of leaf development, which occurs
naturally under light conditions. Nevertheless, the upregulation of
TCP4 by light appeared to be too slow to account for the faster
kinetics during lightinduction of the SAUR genes. Moreover, TCP4
and other CIN-like TCPs are fairly abundant in etiolated cotyle-
dons, where they obviously do not activate SAUR16, SAUR50, or
SAUR14 transcription as efficiently as they do after light exposure.
Thus, there must be a mechanism that suppresses TCP4-induced
activation of these SAUR genes in the dark.

We next asked whether the binding of TCP4 to the promoters of
the SAUR genes is regulated by light. By ChIP-gPCR of mTCP4,
we found that the association of MTCP4 to the promoters of light-
inducible SAURs (SAUR14, SAUR50, and SAUR16) was clearly
increased after 3 h of light exposure (Figure 5A). Notably, the light-
induced increase in TCP4 binding occurred as soon as within 0.5
or 1 h of light exposure (Figure 5B), when the mTCP4 protein level
was not significantly altered (Supplemental Figure 7B). These
results indicate that light signals sharply increase the binding
capacity of TCP4 to the promoters of these genes, a process that
appears to be distinct from the gradually rising levels of TCP
proteins. More precisely, given the abundance of TCP4 in etiolated
seedlings, our results imply that the binding of TCP4 proteins to
these light-inducible SAUR gene promotersis inhibited in the dark.

The lack of PIFs (pifq) results in open cotyledons in the dark (Al-
Sady et al., 2006; Leivar et al., 2008; Shin et al., 2009), while
overexpression of any of the PIF1, PIF3, PIF4, or PIF5 products in
pifq can each independently work to maintain closed cotyledons
inthedark (Shietal.,2018). Since SAUR14,SAUR50,and SAUR16
are among the genes that are bound and repressed by PIFs in
etiolated cotyledons (Sun et al., 2016), we examined the role of
PIFs in the light-dependent regulation of TCP4 binding to the
promoters of SAUR genes. If PIFs are needed to inhibit the binding
of TCP4 to the SAURs promoter in the dark, the pifg mutant would
show abnormally increased TCP4 binding to these sites. We
tested this hypothesis by ChIP-gPCR using a native TCP4 anti-
body that could readily detect overexpressed Myc-mTCP4 in
protein gel blots (Supplemental Figure 8). TCP4 ChIP showed
strong signals on the promoter regions of SAUR 14, SAUR50, and
SAUR16 in mTCP4 compared with the tcp (tcp3 tcp4 tcp 10)
mutant (Figure 5C), indicating that the anti-TCP4 antibody was
capable of immunoprecipitating TCP4 protein in the ChIP assays.
Importantly, TCP4 ChIP showed significant enrichment of these
SAUR promoter regions in the pifq mutant compared with Col in
dark-grown seedlings (Figure 5C). This result indicates that the
SAUR14, SAUR50, and SAUR16 promoters were bound by en-
dogenous TCP4 proteins in pifq in the dark at much higher levels
than in Col. Given that TCP4 expression levels are comparable
between Col and the pifg mutant (Supplemental Figure 9), our data
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strongly suggest that PIFs are genetically required to inhibit the
binding of TCP4 to the SAUR promoters in the dark. As aresult, the
expression of SAUR genes was significantly derepressed in the
dark-grown pifg mutant (Figure 5D), which is consistent with
the increased binding of TCP4 to their promoters (Figure 5B) as
well as the corresponding open cotyledon phenotype of pifqg in
the dark (Leivar et al., 2008; Shin et al., 2009).

The transcription factor HY5 and HY5-HOMOLOG (HYH) pro-
motes seedling photomorphogenesis and potentially binds to the
SAUR50 promoter (Lee et al., 2007). We considered the possibility
that HY5 might facilitate the light-induced binding activity of TCP4
to SAUR promoters. However, the endogenous TCP4 ChIP as-
says showed that TCP4 was recruited to the SAUR promoters in
hy5 hyh mutants in the light (Supplemental Figure 10), suggesting
that HY5/HYH might not be required for the binding of TCP4 to the
promoter regions of SAUR50 or SAURT16 in vivo. Taken together,
the data indicate that light regulates the DNA binding activity of
TCP4 to the SAUR promoters and that PIFs are required to
minimize these binding activities in the dark.

PIF3 Inhibits the Binding of TCP4 to the Promoters
of SAUR14/16/50

Although PIFs and TCP4 bind to different DNA motifs (Zhang et al.,
2013; Supplemental Figure 3B), we noticed that the binding areas
of PIF3 and those of mTCP4 (obtained in separate studies) overlap
on the promoter regions of these SAUR genes (Figure 6A), hinting
at the possibility of interference between transcription factors on
these promoters. We tested whether PIF proteins directly inhibit
the binding of TCP4 to SAUR promoters using both in vivo and
in vitro experiments. First, we overexpressed the green fluores-
cent protein (GFP)-PIF3 transgene in mTCP4 (35S:GFP-PIF3/
mTCP4; Supplemental Figure 11) and monitored the effect of PIF3
overexpression on the binding affinity of mTCP4 to the SAUR
promoters by ChIP. As shown in Figure 6B, PIF3 overexpres-
sion significantly decreased the binding of TCP4 to the SAUR
promoters.

To investigate whether the inhibition by PIF3 is direct, we
performed an in vitro DNA affinity purification (DAP) assay, which
has been used to generate the genome-wide binding landscapes
of transcription factors in Arabidopsis (Bartlett et al., 2017). In the
DAP assay, in vitro-translated TCP4 proteins were incubated with
genomic DNA preparation, and TCP4-associated DNAs were
found to be enriched with corresponding promoter regions of
SAUR14,SAUR50, and SAUR16, but not in the TA3 (transposable
element) negative control (Figure 6C). Remarkably, the addition of
GST (GLUTATHIONE S-TRANSFERASE)-tagged PIF3, but not
the GST control, decreased the binding of TCP4 to these pro-
moters (Figure 6C). Moreover, GST-PIF3 without the basic helix-
loop-helix (bHLH) domain (GST-PIF3 deleting bHLH, GST-PIF3
delbHLH) was unable to inhibit TCP4 binding (Figure 6C), in-
dicating that the DNA binding domain of PIF3 is required for this
activity. These results suggest that PIF3 diminishes the binding of
TCP4 to the promoters of SAUR714, SAUR50, and SAUR16 and
that this transcription factor interference likely occurs on the DNA.
These data imply that repression of the TCP4-mediated tran-
scription of the SAURs can be achieved by increasing the level
of PIF proteins, as is the case in etiolated seedlings and that
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Figure 5. Binding of TCP4-Like Proteins to the SAUR Promoters Is Enhanced by Light Signal or the Lack of PIFs.

(A) and (B) Light increases the binding of TCP4 to the promoter regions of the SAUR genes. ChlIP was performed using whole Col and mTCP4 seedlings
grown in the dark or after transfer to the light for 3, 1, or 0.5 h. The relative enrichment of Col was set to 1. The TA3 transposon locus was used as a negative
control. The top image shows the locations of the PCR fragments in the SAUR gene promoters. Data are shown as the mean = st of three biological
replicates. D, dark; DLO.5 h, after transfer to the light for 0.5 h; DL1 h, after transfer to the light for 1 h; DL3 h, after transfer to the light for 3 h.

(C) The PIF-deficient mutant (pifg) exhibits increased DNA binding of TCP4 to the SAUR promoters in the dark. Endogenous anti-TCP4 antibody was used in
the ChIP assay in 4-d-old dark-grown seedlings. Relative enrichment value in the tcp3 tcp4 tcp 10 (tcp) mutant negative control was setto 1. TA3 was used as
an internal control. Data are shown as the mean * sk of three biological replicates.

(D) Expression levels of SAUR14, SAUR50, and SAUR16 are elevated in the cotyledons of the PIF-deficient mutant (pifg). Total RNA extracted from
cotyledons of 4-d-old dark-grown Col and pifq seedlings was used for RT-PCR. Data are shown as the mean = sp of three biological replicates.
Statistical significance was calculated using two-tailed Student’s ¢ test: ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

light-triggered depletion of PIF can alleviate this repression overexpression plants both in the dark and during the transition
and result in the activation of SAURs by TCP4. from dark to light. Compared with Col, higher levels of PIF3

To confirm that the PIF-induced modulation of TCP4 binding to (PIF3 overexpression [PIF30x]) resulted in lower expression and
promoter regions can ultimately affect SAUR gene expression, we retarded elevation of SAUR14/16/50 expression during the dark-
examined SAUR14, SAUR16, and SAUR50 mRNA levels in PIF3 to-light transition (Figure 6D). It should be mentioned that, unlike
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Figure 6. PIF3 Inhibits the Binding of TCP4 to the Promoters of SAUR Genes and Represses Their Expression.

(A) The binding area of PIF3 overlaps with that of TCP4 at the SAUR promoter regions. The raw reads of PIF3 ChIP-seq (Zhang et al., 2013) and TCP4 ChIP-
seq (this study) at the SAUR74, SAUR50, and SAUR16 loci are shown. Bars = 250 bp.

(B) PIF3 overexpression inhibits the binding of TCP4 to the SAUR promoters in the dark. Four-day-old dark-grown seedlings of the indicated genotype were
used for ChIP assays. Relative enrichment value in Col was set to 1. TA3 was used as an internal control. Data are shown as the mean = sk of three biological
replicates. Statistical analysis was performed by two-tailed Student’s t test: *, P < 0.05; **, P < 0.01; **, P < 0.001.

(C) PIF3 inhibits the binding of TCP4 to the SAUR promoters in vitro, and this inhibition requires the PIF3 DNA binding domain. In vitro-translated TCP4-Myc
proteins captured on anti-Myc agarose were incubated with fragmented genomic DNA in the presence or absence of recombinant GST, GST-PIF3, or GST-
PIF3 without the bHLH domain (GST-PIF3 delbHLH). Bound DNA was analyzed by gPCR. Data are shown as the mean = sk of three biological replicates.
Different letters represent significant differences (P < 0.05 by one-way analysis of variance).

(D) Four-day-old dark-grown (D) Col and 35S:PIF3-Myc (PIF30x) seedlings were transferred to the light for 1 or 3 h, and RNA from cotyledon tissues was
analyzed to measure the expression of the indicated SAUR genes. Data are the mean * sp of three biological replicates. Statistical analysis was performed by
two-tailed Student’s t test: ns, P > 0.05; *, P < 0.05; **, P < 0.01. D to L: dark to light; PIF3ox, 35S:PIF3-Myc seedlings.

SAUR16 and SAUR50, SAUR14 transcription in cotyledons was achieved by the antagonistic action of the light-signaling regulator
not dependent on TCP4-like factors (Figure 4A). There might be PIF3 and the cotyledon developmental regulators TCP4-like
a wider range of redundancy in how SAUR74 transcription is factors, which ultimately contributes to light-induced cotyledon
activated. Regardless of the specificity of TCP activation, our data opening during de-etiolation of Arabidopsis (Figure 7). This model

indicate that the mechanism of PIF-dependent dark-light tran-  also illustrates how the regulatory strategies of SAUR16 and
scriptional switching applies to all three light-induced SAUR  SAUR50 genes in cotyledons are different from that observed in
genes (Figures 5 and 6). hypocotyls (Figure 7). In cotyledons, SAUR16 and SAUR50 are

activated by the TCP4-like transcription factors but repressed by
PIFs. In the dark, the heightened accumulation of PIF3 proteins
(and likely other PIFs) in the nucleus results in their binding to

Photomorphogenesis is a light-triggered developmental process SAUR gene promoters where they inhibit the binding of TCP4-like
involving all parts of a plant, with different organs and tissues factors to these proximal regions. As a result, the ability of TCP4-
exhibiting different responses to the same light signal (von Amim  like transcription factors to activate SAURT6 and SAURS0 is
and Deng, 1996). Our understanding of the early light-signaling suppressed in the dark. Upon light irradiation, PIF protein levels
components and pathways has allowed us to address the drastically decline, relieving the inhibition of TCP4. Consequently,
organ specificity of light responses. To this end, we report that more TCP4 proteins bind to the promoters of SAUR16 and
cotyledon-specific light activation of SAUR716 and SAUR50 is SAURS50 and activate their transcription in the light. The SAUR16

DISCUSSION
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Figure 7. A Model lllustrating Organ-Specific Regulation of SAUR16/50 During De-Etiolation.

In etiolated cotyledons, PIF proteins accumulate to interfere with the binding of TCP4-like transcription factors to the SAUR16/50 promoter regions,
inhibiting TCP4-mediated activation of the SAUR genes in the dark. The inhibition of TCP4-SAUR16/50 transcription by PIFs contributes to the typically
closed cotyledon phenotype of etiolated seedlings. During de-etiolation, PIF protein levels sharply decline, resulting in increased binding of TCP4 to the
promoters of the SAURs and their elevated expression, which facilitates cotyledon opening. In hypocotyls, SAUR16/50 genes are regulated by a different
mechanism involving auxin. These genes are highly expressed in the dark, and their expression declines upon the transition from dark to light, which is

correlated with changes in auxin levels in the hypocotyl (Sun et al., 2016).

and SAUR50 gene products then facilitate the opening of coty-
ledons. In hypocotyls, on the other hand, SAUR16 and SAUR50
are activated in the dark by a different mechanism that depends on
auxin and the PIFs (Sun et al., 2016). Their distinct organ-specific
activation strategies allow SAUR76 and SAUR50 to display
contrasting responses to light signals: transcriptional increases in
cotyledons and decreases in hypocotyls. Ultimately, the organ-
specific expression of SAUR16 and SAUR50 contributes to dif-
ferent cellular responses to light during de-etiolation.

The TCP4-SAUR16/50 Module Is Cotyledon Specific

Cotyledons and the apical region of etiolated seedlings exhibit
dramatic morphological changes during de-etiolation, including
the unfolding of the apical hook and opening of the two cotyle-
dons, followed by cotyledon expansion (von Arnim and Deng,
1996). Unfolding of the apical hook, a process that has been
extensively studied, involves spatial and temporal regulation of the
ethylene and auxin pathways (Zadnikova et al., 2010; Béziat et al.,
2017; Shietal., 2018). Much less is known about the mechanisms
of light-induced cotyledon opening. Here, we identified TCP4-
SAUR16 and SAUR50 as an important transcriptional regulatory
module involved in cotyledon opening. There are likely other
factors and other SAUR genes that also promote cotyledon
opening. For example, MISEXPRESSED IN THE DARK1
(HYDROXYSTEROID DEHYDROGENASET), a PIF3 regulatory

gene, has been implicated in cotyledon separation (Sentandreu
etal., 2011). However, the functional relationship of this gene with
SAUR genes is unclear.

Based on in situ hybridization and organ-specific transcriptome
analyses (Supplemental Figure 1A; Palatnik et al., 2003), the
TCP4-like factors are predominantly expressed in cotyledons
(rather than hypocotyls) in early seedlings. This expression pattern
would ensure that TCP4-induced activation of SAUR716 and
SAUR50 occurs primarily in cotyledons. Curiously, despite the
observations that TCP4 can activate auxin biosynthesis genes
(Challa et al., 2016) and that SAUR16 and SAUR50 are capable of
responding to auxin (in hypocotyl cells), the transcriptional acti-
vation of SAUR16 and SAUR50 by TCP4 in cotyledons appears to
occur directly rather than via auxin. The following lines of evidence
support this idea. First, the expression of SAUR76 and SAUR50 in
etiolated cotyledons is insensitive to auxin (Sun et al., 2016).
Second, the binding of TCP4 to the SAUR16 and SAUR50 pro-
moters in response to light, as well as PIF levels, is tightly cor-
related with the expression of the SAUR genes (Figures 5 and 6).

In contrast to cotyledons, SAUR16 and SAUR50 in hypocotyl
cells are highly sensitive to auxin levels. In fact, light down-
regulates SAUR16 and SAUR50 expression in hypocotyls in part
by decreasing auxin levels (Sun et al., 2016). In light-grown
seedlings, members of the CIN-like TCP transcription factor
family promote hypocotyl elongation (TCP4; Challa et al., 2016) or
in response to shade (TCP17; Zhou et al., 2018). In both cases,


http://www.plantcell.org/cgi/content/full/tpc.18.00803/DC1

TCP4 or TCP17 functions by inducing auxin biosynthetic genes.
Perhaps the transport of auxin from the cotyledons to hypocotyl
cells ultimately results in the hypocotyl phenotype. Regardless,
our work highlights the notion that, as a result of the TCP4-
regulated mechanism in cotyledons versus an auxin-dependent
mechanism in hypocotyls, the same SAUR16 and SAUR50 genes
with the same promoter DNA sequences are able to respond to
light signals in opposite ways in different organs.

PIFs Confer the Dependency of TCP4-Induced
Transcriptional Activation of SAURs on Light Signals
during De-Etiolation

PIF transcription factors are required for seedlings to undergo
etiolation when grown in the dark (Leivar et al., 2008; Shin et al.,
2009). SAUR14,SAUR16, and SAUR50 are among the genes that
PIFs repress in cotyledon cells (Sun et al., 2016). Our data suggest
that in etiolated cotyledon cells, highly abundant PIF proteins in
the nucleus suppress the binding of TCP4-like activators to the
promoters of SAUR14, SAUR16, and SAUR50, thereby inhibiting
their expression. Nevertheless, we detected the binding of TCP4
to the SAUR promoter sites in the dark, albeit at very low levels
(Figure 5C, compare Col to the tcp mutant). However, in dark-
grown mTCP4 seedlings, overexpressed mTCP4 appeared to
have escaped inhibition by PIFs, presumably by outcompeting PIF
levels. The increased binding of mTCP4 to the promoter explains
the elevated expression of the SAUR genes (Figures 2C and 5C)
and the open-cotyledon phenotype in the dark (Figure 1E).

Our data suggest that light stimulates SAUR14/16/50 expres-
sion in two phases: at the onset of the dark-to-light transition (de-
etiolation) and during sustained light irradiation. During extended
light irradiation, light increases TCP10 transcription and might
slightly increase mTCP4 protein abundance (Supplemental Fig-
ure 7), which may contribute to the higher expression of the SAUR
genes inthelight. However, there is evidence indicating that TCP4
levels are not strongly regulated by light or light-responsive fac-
tors. TCP4 transcription is not regulated by light (Supplemental
Figure 1), nor by PIFs (Supplemental Figure 9). mTCP4 pro-
tein levels are not affected by PIF3 overexpression (Supple-
mental Figure 11), nor by cop1 or det1 mutations in the dark
(Supplemental Figure 7). Thus, TCP4 per se is probably not a light-
responsive regulator.

We propose that the increased TCP4-induced activation of
SAUR14, SAUR16, and SAUR50 during the de-etiolation phase
directly results from the changes in PIF levels. Besides the genetic
and molecular data, the kinetics of the increase in TCP4 binding to
the SAUR promoters roughly matches the sharp decline in PIF
protein levels after the dark-to-light transition (Figure 5). It should
be mentioned that although PIF3 was used as a representative
PIFs in all of the gain-of-function experiments, we do not have
evidence to suggest that this type of regulation is specific to PIF3.
In fact, given the functional redundancy of the PIFs in maintaining
closed cotyledons inthe dark (Shietal., 2018), it appears likely that
other PIFs work in a manner similar to that of PIF3 in this pathway.

HY5 and HYH are established positive regulators of photo-
morphogenesis (von Arnim and Deng, 1996; Chen et al., 2004;
Kami et al., 2010), primarily for their functions in inhibiting hy-
pocotyl elongation in response to light. However, unlike PIFs that
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regulate essentially all facets of photomorphogenesis, including
both hypocotyl and cotyledon development, the role of HY5 could
be demonstrated for hypocotyl development, but not for cotyle-
don opening or expansion (Shi et al., 2018). In agreement with
these observations, our data suggest that HY5/HYH might not
facilitate light-induced increases in TCP4 binding to the SAUR
promoters (Supplemental Figure 10).

Mechanism of the Inhibitory Effect of PIF3 on the Binding of
TCP4 to the SAUR Promoter Sites

PIFs activate or repress the expression of many light-responsive
genes by binding to their promoter regions (Zhang et al., 2013), but
the mechanisms of PIF-mediated transcriptional repression re-
main poorly understood. In some cases, PIF3 interacts with
HISTONE DEACETYLASE15 to modulate histone acetylation of
targeted genes (Liu et al., 2013). Here, we present an example in
which PIFs repress SAUR gene expression by inhibiting the
binding of the transcriptional activators (TCP4-like) to the pro-
moters of their target genes.

How PIF3 inhibits TCP4 binding to the SAUR promoter sites
remains speculative at present. Several key nuclear factors mod-
ulate light responses by regulating PIF DNA binding activity. The
gibberellininhibitors, DELLA proteins, interact with the DNA binding
domain of PIFs, thereby inhibiting their ability to bind to the pro-
moters of theirtarget genes (de Lucas et al., 2008; Feng et al., 2008).
A similar strategy is utilized by LONG HYPOCOTYL IN FAR-RED1,
which interacts with PIF1 to prevent it from binding to DNA during
seed germination (Shi et al., 2013). Other transcription factors such
as ABSCISIC ACID INSENSITIVES interact with PIF1 while binding
to sites on its target promoters, thereby helping PIF1 bind to its
target sites (Kim et al., 2016). Little is known about whether PIFs
inhibit the binding of other transcription factors to their target
promoters. We have so far been unable to demonstrate a positive
interaction between PIF3 and full-length TCP4 in yeast two-hybrid,
in vitro pull-down, or bimolecular fluorescence complementation
assays (Supplemental Figure 12). Under the same experimental
conditions, we have detected interactions between PIF3 and
REPRESSOR OF GA1-3 (RGA), PIF3 with itself, and TCP4 and
FLOWERING BHLH1 (FBH1; Supplemental Figure 12; Liu et al.,
2017). In a yeast two-hybrid test, we did detect an interaction
between PIF3 and a C-terminal truncation of TCP4 lacking the DNA
binding domain (Supplemental Figure 12). Perhaps the interaction
between PIF3 and TCP4 is too weak to be detected using these
approaches, or perhaps the interaction occurs only under certain
circumstances. Nevertheless, the data do not support a model in
which PIF3 binds to TCP4 and prevents it from binding to DNA via
sequestration, as sequestration normally requires strong protein
interactions or binding at the DNA binding domain. Still, we cannot
rule out this possibility, or the possibility that other PIFs might in-
teract with TCPs during certain developmental processes.

Instead of sequestration, our in vivo and in vitro data reveal
a strict correlation between the relative level of TCP4 to PIF3 and
how much TCP4 associates with the promoter sites: more TCP4
binding was observed in the light (low levels of PIFs) than in the
dark (high levels of PIFs), more in pifq than in Col (Figure 5C), more
in mTCP4 than in Col, and more in mTCP4 than PIF3ox/mTCP4
(Figure 6B). It appears that these two transcription factors
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compete with each other for binding to the promoters of their
target genes. We favor the hypothesis that PIF3 inhibits the DNA
binding ability of TCP4 via a mechanism that does not involve
direct protein—protein interactions. The binding sites of PIF3 and
TCP4 on the promoter regions of SAUR 14, SAUR50, and SAUR16
are 115, 73, and 47 bases apart, respectively (Supplemental
Figure 13), which are quite close to each other. Moreover, the DNA
binding ability of PIF3 is critical for inhibiting the binding of TCP4 to
promoters (Figure 6C), indicating that inhibition, or competition,
occurs on the DNA. These observations support the hypothesis
that the DNA-bound PIF protein complexes interfere with or repel
TCP4 complexes. Alternatively, perhaps PIF binding induces
conformational changes in DNA that make the TCP4 binding sites
less accessible to TCP4.

Taken together, our findings demonstrate that TCP4 and PIF3
antagonistically regulate the expression of SAUR16 and SAUR50,
which contributes to cotyledon opening during de-etiolation in
Arabidopsis. This mechanism requires TCP4-like transcription
factors to activate the expression of SAUR16 and SAUR50 in
cotyledons and the light-responsive repressor PIF3 or PIFs to
confer light responsiveness. The resulting cotyledon-specific
light activation of SAUR16 and SAUR50 represents one of
many transcriptional regulatory mechanisms that together un-
derlie an organ-specific response to light signals during plant
photomorphogenesis.

METHODS

Plant Materials and Growth Conditions

All the Arabidopsis (Arabidopsis thaliana) materials used in this study are in
the Col ecotype background. Adult Arabidopsis plants were grown under
long-day conditions with a 16-h white light (at 90 umol/m?2/s)/8-h dark cycle
at 22°C. The tcp3 tcp4 tcp10, tcp3 tcp4 tcp5 tcp10, and tcp3 tcp4 tcp5
tcp10 tcp13 seeds were kindly provided by Tomotsugu Koyama (Kyoto
University; Koyama et al., 2010). The hy5 hyh seeds were kindly provided by
Liumin Fan (Peking University; Yang et al., 2018).

Seeds were surface sterilized with 15% (w/v) sodium hypochlorite for
10 min and washed at least four times with sterile double-distilled water
before sowing on Murashige and Skoog plates containing Suc (4.4 g/L
Murashige and Skoog powder, 10 g/L Suc, and 8 g/L agar, pH 5.7). After
stratification at 4°C for 3 d, the seeds were treated with white light (at
40 pmol/m?2/s) for 3 to 4 h (to synchronize germination) and incubated in the
dark for 4 d. For ChlP-seq, 4-d-old dark-grown seedlings were used to
prepare the DNA samples. For ChIP-gPCR, 4-d-old dark-grown seedlings
were treated with 40 umol/m?/s white light for 3 h and used to prepare the
DNA samples. For gene expression and phenotypic analysis in the dark, the
cotyledons of 4-d-old seedlings were used for RNA extraction and phe-
notypic observation, respectively. For gene expression and phenotypic
analysis during the dark-to-light transition, 4-d-old dark-grown seedlings
were transferred to 40 umol/m?2/s white light for the indicated time, and
cotyledons were used for RNA extraction and phenotypic observation. For
protein gel blot analyses, 4-d-old dark-grown seedlings were exposed to
40 umol/m?2/s white light or 4-d-old seedlings grown under 40 umol/m?/s
white light were transferred to the dark for the indicated time for total protein
extraction.

Generation of Transgenic Plants

To generate pBA-MYC-mTCP4, the Gateway recombinant cassette
(attR1-ccdB-attR2) was amplified from the pK2GW7 plasmid (Ghent

University) using primer pair attR1 F-Mlul and attR2 R-Sacl. The PCR
fragments were digested with Mlul and Sacl and cloned into the Miul and
Sacl sites of binary vector myc-pBA (Zhou et al., 2005) to generate myc-
pBA-GW. The full-length coding region of TCP4 was amplified from Ara-
bidopsis cDNA by RT-PCR using primer pair TCP4-1 and TCP4-2 and
cloned into pENTRY/D-TOPO (Invitrogen) to generate pENTR-TCP4. The
point mutation resistant to miR319 was introduced using primer pair
TCP4m-1 and TCP4m-2 to generate pENTR-mTCP4. pBA-MYC-mTCP4
was generated by LR reaction with myc-pBA-GW and pENTR-mTCP4. The
construct was transferred into Agrobacterium tumefaciens GV3101 and
then transformed into Col using the floral dip method (Clough and Bent,
1998). The primers are listed in Supplemental Table.

To generate 35S:GFP-PIF3/mTCP4, the GFP coding sequence without
the stop codon was amplified from pJim19bar-sGFP (Sun et al., 2016)
using XbalGFP{/XholGFPr and inserted into pJim19 hyg empty vector
using Xbal and Xhol, yielding pJim19 hygNGFP. The PIF3 coding sequence
was amplified from pT7CFE1-PIF3-CMyc (Dong et al., 2017) using Xhol-
PIF3f/SaclPIF3r and inserted into pJim19 hygNGFP using Xhol/Sacl,
yielding pJim19 hygNGFP-PIF3. The construct was delivered into
35S8:Myc-mTCP4 10-2 via Agrobacterium GV3101 transformation using
the floral dip method.

Generation of CRISPR Mutants

To generate saur mutations in 35S:Myc-mTCP4, the guide sequences
targeting SAUR14, SAUR50, SAUR16, SAUR62, SAUR77, and SAUR78
were inserted into the pAtU6-26-SK vector (Feng et al., 2013), yield-
ing pAtU6-SAUR14, pAtU6-SAURS50, pAtU6-SAUR16, pAtU6-SAUR6G2,
pAtUB-SAUR77, and pAtU6-SAURTS, respectively (Sun et al., 2016). The
pAtUB-SAURS0 expression cassette was digested with Spel/Sall and
inserted into the Nhel/Sall sites of pAtU6-SAUR14, yielding pAtU6-
SAUR14 and pAtU6-SAUR50. The pAtU6-SAUR16, pAtU6-SAUR62,
pAtUB-SAUR77, and pAtUB-SAUR78 expression cassettes were inserted
one by one using the same strategy, and ultimately generating pAtU6-
SAUR14, pAtUB-SAUR50, pAtU6-SAUR16, pAtU6-SAURG2, pAtU6-
SAURY77, and pAtUB-SAUR78. The expression cassette was digested
with Kpnl/Sall and ligated to pEC-Cas9 (Wang et al., 2015) to gener-
ate pEC-Ca9-AtUB-SAUR14, pAtU6-SAURS50, pAtU6-SAUR16, pAtU6B-
SAUR62, pAtU6-SAUR77, and pAtU6-SAUR78. Finally, the expression
cassette for Cas9 and guide RNA was digested with Kpnl/EcoRl and ligated
to the pCAMBIA1300 vector, yielding pCAMBIA1300-EC-Cas9-AtU6-
SAUR14, AtU6-SAUR50, AtU6-SAUR16, AtU6-SAUR62, AtU6-SAUR77,
and AtU6-SAUR78. The construct was transformed into 35S:Myc-
mTCP4 10-2 via Agrobacterium GV3101 using the floral dip method.
Mutations were genotyped by PCR-based sequencing of targeted gene
loci. The primers used for PCR of each locus are listed in Supplemental
Table.

Chromatin Immunoprecipitation

The methods used for ChIP were described previously (Sun et al., 2016).
Briefly, 4-d-old seedlings were cross-linked for 20 min by vacuum filtration
in 1% formaldehyde solution. The chromatin solution was incubated with
10 plL of anti-Myc (C3956, Sigma-Aldrich) or anti-TCP4 antibody (this
study) overnight in 1 mL of ChlIP dilution buffer (1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI, pH 8.0, and 167 mM NaCl) and captured by 80 uL
of ChlP dilution buffer prewashed protein Abeads for 1 h. After washing, the
immune complex captured by protein A was eluted in 500 p.L of elution
buffer (1% SDS and 0.1 MNaHCO,). Next, 20 uL of 5M NaCl was added for
reverse cross-linking at 65°C overnight, and DNA was purified by phenol/
chloroform/isoamyl alcohol extraction and used for ChIP-qPCR or ChIP-
seg. The primers used for ChIP-gPCR are listed in Supplemental Table 1.
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For ChIP-seq, DNA samples (20 ng) pooled from three independent
batches of 4-d-old dark-grown seedling samples were used for library
construction and deep sequencing. The raw sequence data were aligned
to the Arabidopsis genome The Arabidopsis Information Resource 10
(TAIR10) using Bowtie version 0.12.9 (Langmead et al., 2009). Only reads
uniquely mapped to the reference genome were used for binding-peak
identification. We performed the peak calling process in a comparison
between 355:mTCP4 and Col-0 with MACS2 (Zhang et al., 2008) version
2.1.1 and then annotated with TAIR10 annotation to find the specific target
genes of TCP4 (Feng et al., 2012). We performed motif discovery on the
+/—200 bp of the 500 most enriched peaks using the online MEME program
(Bailey and Elkan, 1994) to identify the motifs to which TCP4 bound.

Whole Transcriptomic RNA-Seq

The cotyledons of 4-d-old dark-grown Col, mTCP#4, and mTCP#10 were
used for total RNA extraction following the instructions of the RNeasy plant
mini kit (74,903; Qiagen). RNA-seq and data analyses were performed as
described previously (Sun et al., 2016), with minor modifications. After
removing adapters and trimming low-quality bases, pair-end reads were
mapped to the Arabidopsis TAIR10 genome using the graph-based
alignment tool HISAT2 with default parameters. The alignment files were
used as input for HTSeq (Anders et al., 2015) to count aligned reads per
gene. Counts generated by HTSeq were corrected for library size using
DESeq2, and differentially expressed genes were identified using criterion
fold change > 1.5. Since we had two overexpression lines to compare with
each other, we only used one repeat for RNA-seq.

RT-Quantitative PCR

Total RNA was extracted from cotyledons of 4-d-old seedlings using
the RNeasy plant mini kit (74,903; Qiagen). Total RNA (1 n.g) was used
for reverse transcription using SuperScript Il Reverse Transcriptase
(18,080,044; Invitrogen). The gPCR was performed in a CFX96 real-time
system using iQ SYBR Green Super Mix (1,708,880; Bio-Rad). ACTIN2 was
used as an internal control. The primers used for RT-gPCR are listed in
Supplemental Table.

Protein Gel Blot Analysis

Four-day-old seedlings were ground into a powder in liquid nitrogen. Total
proteins were extracted using denaturing buffer (8 M urea, 100 mM NaH,
PO,, and 100 mM Tris-HCI, pH 8.0). The same amounts of total proteins
were subjected to SDS-PAGE. Anti-Myc (C3956, Sigma-Aldrich), anti-
TCP4 (this study), and anti-REGULATORY PARTICLE NON-ATPASE 6
(RPN6; Kwok et al., 1999) antibodies with a 1000-fold dilution were used for
protein gel blot analysis.

Generation of Endogenous TCP4 Antibody

A segment of TCP4 coding sequencing was amplified using primer pair
TCP4F2f/TCP4F2r (Supplemental Table 1) and cloned into pET28a at the
BamHI and Xhol sites, yielding pET28a-TCP4F2. The plasmid was then
transformed into Escherichia coli BL21 cells to express His-TCP4F2 re-
combinant protein. His-tag purification was performed, and 1 mg of re-
combinant protein was used as antigen to repeatedly immunize the host
rabbit for four times. Rabbit serum was collected and validated for its ability
to detect the antigen by protein gel blot analysis.

DNA Affinity Purification Assay

The coding sequence (CDS) of TCP4 was cloned into the pT7CFE1-
Myc vector using Ndel and Sall restriction enzyme sites, yielding
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pT7CFE1-TCP4-Myc. TCP4-Myc protein was synthesized using a Human
In Vitro Translation kit (88,881; Pierce Chemical Co.). The full-length PIF3
CDS and the PIF3 CDS without the bHLH domain (PIF3 delbHLH) were
cloned into the pGEX-4T-1 vector using EcoRl and Xhol restriction enzyme
sites, yielding pGEX-4T-1 PIF3 and pGEX-4T-1 PIF3delbHLH. pGEX-4T-1
was transformed into E. coli BL21 cells for GST protein expression and
purification, while pGEX-4T-1 PIF3 and pGEX-4T-1 PIF3delbHLH were
transformed into ArcticExpress (DE3)RIL competent cells for GST-PIF3
protein expression and purification.

DAP was performed as described previously (Bartlett et al., 2017), with
minor modifications. Genomic DNA (gDNA) was extracted from 7-d-old
light-grown Col seedlings following the procedure of the DNeasy plant mini
kit (69,104; Qiagen). The gDNA was sonicated to a fragment size of 200 to
800 bp. TCP4-Myc protein was bound to anti-Myc monoclonal antibody
agarose beads (20,168; Thermo Fisher Scientific) and incubated with
200 ng of fragmented gDNA in the presence of GST, GST-PIF3, or GST-
PIF3 delbHLH for 1 h at room temperature in 1 mL of 1X PBS buffer
containing 0.005% Nonidet P-40. After incubation, the beads were washed
and DNA was recovered following the ChIP DNA recovery protocol. Pri-
mers used are listed in Supplemental Table.

In Vitro Pull-Down Assay

The TCP4-Myc and RGA-Myc proteins were produced using a Human
Coupled IVT kit-DNA (88,881; Pierce Chemical Co.). MALTOSE BINDING
PROTEIN (MBP) and MBP-PIF3 proteins were expressed and purified from
E. coli. MBP and MBP-PIF3 were incubated with TCP4-Myc or RGA-Myc
for 1 h, and amylose resin was used to pull down MBP and MBP-PIF3. The
proteins were eluted by boiling at 95°C in 1X sample buffer for 5 min and
analyzed using anti-MBP (E8038, New England Biolabs) or anti-Myc
(C3956, Sigma-Aldrich) antibodies with a 1000-fold dilution.

Bimolecular Fluorescence Complementation Assays

The mTCP4 coding sequence was amplified from pENTR-mTCP4 using
primer pair TCP4FLDORf/TCP4FLDORr and cloned into pDonor207 using
BP Clonase (Invitrogen), yielding pDonor-mTCP4. PIF3 and FBH1 coding
sequence was amplified from Arabidopsis cDNA using primer pairs
PIF3FLDORY/PIF3FLDORr and FBH1FLDOR{f/FBH1FLDORY, respectively.
The PCR products were then cloned into pDonor207 using BP Clonase,
yielding pDonor-PIF3 and pDonorFBH1. pEarlygate-mTCP4-YN and
pEarlygate-PIF3-YN were obtained by LR reaction using pDonor-mTCP4/
pEarlygate-YN and pDonor-PIF3/pEarlygate-YN, respectively. pEarly-
gate-FBH1-YC and pEarlygate-PIF3-YC were obtained by LR reaction
using pDonor-FBH1/pEarlygate-YC and pDonor-PIF3/pEarlygate-YC,
respectively. The resulting plasmids were transformed into Agrobacterium
strain GV3101 and co-infiltrated into wild tobacco (Nicotiana benthamiana)
leaves for the interaction test.

Yeast Two-Hybrid Assays

Two different systems were used to test the interaction of TCP4 with PIF3in
yeast. One system uses pDEST32 (PQ1000101, Invitrogen) and pDEST22
(PQ1000101, Invitrogen) as backbones. The TCP4 coding sequencing
was amplified from Arabidopsis cDNA and truncated into TCP4NT132,
TCP4NT321, TCP4bHLH, and TCP4CT942 using primer pairs TCP4-1-F/
TCP4-132-R, TCP4-1-F/TCP4-bHLH-R, TCP4-bHLH-F/TCP4-bHLH-R,
and TCP4-322-F/TCP4-1263-R, respectively. The products were cloned
into pENTR/D-TOPO (K240020, Invitrogen). All the TCP4-truncated entry
plasmids were cloned into pDEST32 by LR reaction as baits. PIF3 was
cloned into pDEST22 by LR reaction as prey. Bait and prey plasmids were
cotransformed into yeast strain AH109. Empty vectors were used as
a negative control. Synthetic defined medium lacking leucine, tryptophan,
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and histidine (SD—Leu—Trp—His) plates containing 5 mM 3-aminotriazole
(3-AT) were used for DBD-TCP4CT942 selection. SD—Leu—Trp—His
plates without 3-AT were used to select other bait plasmids.

The other system uses pGADT7-GW and pGBKT7-GW as backbones
(Lu et al., 2010). The PIF3W96A mutation was introduced into pDonor-
PIF3 using PIF3m1/PIF3m2, yielding pDonor-PIF3W96A. PIF3CT was
amplified from Arabidopsis cDNA using primer pair PIF3-NDORf/
PIF3FLDORr and cloned into pDonor207, yielding pDonor-PIF3CT.
pGBKT7-FBH1, pGBKT7-PIF3W96A, and pGBKT7-PIF3CT bait plas-
mids were obtained by LR reaction using pGBKT7 with pDonor-FBH1,
pDonor-PIF3W96A, and pDonor-PIF3CT, respectively. pPGADT7-mTCP4
and pGADT7-PIF3 prey plasmids were obtained by LR reaction using
pGADT7-GW with pDonor-mTCP4 and pDonor-PIF3, respectively. Bait
and prey plasmids were cotransformed into yeast strain Y2HGold.
SD—Leu—Trp—His plates containing 5 mM 3-AT were used for selection.
The primers are listed in Supplemental Table 1.

Statistical Analysis

For all phenotypic quantification, data are shown as the mean * sk.
Statistical analysis was performed by two-tailed Student’s t test, with
P-values > 0.05 being considered not significant and P-values < 0.05 being
considered significant for the analyzed data: *, P <0.05; **, P < 0.01; **,P <
0.001. For cotyledon opening percentages, n = 4, which represents four
independent areas. For cotyledon opening angles, the angles were
measured using Imaged software, and n represents the total number of
cotyledons used. In Figure 1G, n = 29 for all genotypes. In Figure 3C, n
represents the following: Col, 18; mTCP4, 20; saur50/mTCP4#1, 23;
saur50/mTCP4#2, 20; saur16 saur50/mTCP44#1, 23; saur16 saur50/
mTCP4#2, 22; and saur16 saur50 saur77 saur78/mTCP4 and saur16
saurb0 saur62 saur77 saur78/mTCP4, 23. For ChIP-gPCR, RT-gPCR, and
DAP assays, n = 3, indicating that three independent experiments were
performed and defined as biological replicates. Each biological replicate
was measured using at least two repeats of qPCR.

Phylogenetic Analysis

The protein sequences of TCP transcription factors were downloaded from
TAIR. The sequences were aligned using an online MUSCLE program
(https://www.ebi.ac.uk/Tools/msa/muscle/) provided by The European
Bioinformatics Institute (EMBL), and the neighbor-joining phylogenetic tree
was built using MEGA-X version 10.0.5 using default parameters: boot-
strap method, 1000 of bootstrap replications, Poisson model, uniform
rates, and pairwise deletion for gap/missing data treatment. A text file of the
alignment is provided in Supplemental File.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: TCP3 (AT1G53230),
TCP4 (AT3G15030), TCP10 (AT2G31070), TCP2 (AT4G18390), TCP5
(At5g60970), TCP13 (AT3G02150), TCP17 (AT5G08070), TCP24
(AT1G30210), SAUR14 (AT4G38840), SAUR16 (AT4G38860), SAUR50
(AT4G34760), SAUR62 (AT1G29430), SAUR77 (AT1G17345), SAUR78
(AT1G72430), PIF3 (AT1G09530), PIF1 (AT2G20180), PIF4 (AT2G43010),
PIF5 (AT3G59060), HY5 (AT5G11260), HYH (AT3G17609), COP1
(AT2G32950), DET1 (AT4G10180), Arabidopsis RESPONSE REGULA-
TOR16 (AT2G40670), LIPOXYGENASE2 (AT3G45140), ACT2
(AT3G18780) and TA3 (AT1G37110). ChIP-seq and RNA-seq data have
been deposited to National Center for Biotechnology Information’s Gene
Expression Omnibus under ID code GSE115589.
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