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SUMMARY

Temperature, one of the most critical environmental cues, greatly affects plant growth, development,
and reproduction. PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), a key transcription factor in light
signaling pathway, plays a central role in temperature-mediated growth responses. How higher tem-
perature regulates the function of PIF4, however, is not well understood. Here we demonstrate that
three phylogenetically related TEOSINTE BRANCHED 1/CYCLOIDEA/PCF (TCP) transcription factors,
TCP5, TCP13, and TCP17, play fundamental roles in promoting thermoresponsive hypocotyl growth
by positively regulating the activity of PIF4. TCP17 was found to interact with a blue light receptor,
CRYPTOCHROME 1 (CRY1), at lower temperature, leading to reduced activity of TCP17. Higher tem-
perature can increase the stability of TCP17, and release TCP17 from the CRY1-TCP17 complex, allow-
ing it to upregulate the expression of PIF4 and enhance the transcriptional activity of PIF4. This study
revealed the important roles of TCPs in regulating the activity of PIF4 in thermomorphogenesis.

INTRODUCTION

Plants are sessile in nature, growth and development of which have to coordinate with their ever-changing
living environments for better survival and reproduction (Lau and Deng, 2010; McClung et al., 2016). In
addition to light, water, and nutrients, ambient temperature is another key environmental factor regulating
multiple physiological processes in the life cycle of a plant (McClung et al., 2016; Quint et al., 2016; Vert and
Chory, 2011; Wigge, 2013). Elevated temperature can cause a series of morphological changes of a plant,
including elongated hypocotyls, early flowering, and reduced reproduction (McClung et al., 2016; Quint
et al., 2016; Wigge, 2013).

PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), a key regulator in light signal transduction (Castillon
et al.,, 2007; Hug and Quail, 2002; Leivar and Monte, 2014; Leivar and Quail, 2011), also acts as a central
hub in a thermoresponsive pathway (Koini et al., 2009; Wigge, 2013). PIF4 integrates with several endoge-
nous growth-regulating phytohormones, including auxin, gibberellins, and brassinosteroids, to mediate
the expression of a series of high-temperature responsive genes (Franklin et al., 2011; Koini et al., 2009;
Oh et al., 2012; Stavang et al., 2009; Sun et al., 2012). Owing to the critical roles of PIF4 in connecting
environmental signals to endogenous responses, its function is tightly regulated (Leivar and Monte,
2014; Leivar and Quail, 2011).

Recently, a red/far-red light photoreceptor PHYTOCHROME B (PHYB) was proposed as a temperature
sensor in Arabidopsis (Jung et al., 2016; Legris et al., 2016). Elevated ambient temperature signal can
be perceived by PHYB, turning PHYB from its bioactive form (Pfr) to an inactive form (Pr) (Jung et al.,
2016; Legris et al., 2016). Pfr physically associates with PIF4 and blocks its transcription activity. However,
Pr cannot interact with PIF4, allowing PIF4 to upregulate the expression of thermoresponsive genes, pro-
moting hypocotyl growth at high ambient temperatures (Jung et al., 2016; Legris et al., 2016). In addition
to PHYB, CRYPTOCHROME 1 (CRY1), a photolyase-like blue light receptor originally isolated from
Arabidopsis (Briggs and Huala, 1999; Lin, 2002; Sancar, 2003; Sancar et al., 2000), which inhibits
hypocotyl elongation in blue light by forming a complex with SUPPRESSOR OF PHYA-105 (SPA1) and
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) (Deng et al., 1991; Lian et al, 2011; Liu et al,
2011), was reported to regulate thermoresponsive hypocotyl growth by inhibiting the transcriptional level
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of PIF4 and interacting with PIF4 in blue light to suppress the activity of PIF4, especially at an elevated
temperature (Ma et al.,, 2016).

Despite the critical role of photoreceptors in temperature sensing, multiple components in photomorpho-
genesis and circadian rhythm were also found to regulate the activity of PIF4 in thermomorphogenesis. DE-
ETIOLATED 1 (DET1) and COP1 were demonstrated to regulate high-temperature-induced growth by pro-
moting PIF4 transcript abundance through ELONGATED HYPOCOTYL 5 (HY5) (Delker et al., 2014). Besides
the DET1/COP1-HY5 cascade in regulating the expression of PIF4, there are also distinct mechanisms be-
tween DET1/COP1 and HY5 in regulating hypocotyl growth at high temperatures. DET1/COP1 complex is
necessary for upregulating PIF4 expression and stability of PIF4 (Gangappa and Kumar, 2017), whereas HY5
competes with PIF4 for G-box motifs in the promoters of its target genes (Gangappa and Kumar, 2017,
Toledo-Ortiz et al., 2014). EARLY FLOWERING 3 (ELF3), an important component of evening complex of
circadian clock, was found to suppress the transcription levels of PIF4 and PIF5 (Nusinow et al., 2011).
ELF3 interacts with PIF4 and blocks the role of PIF4 in activating the expression of thermoresponsive genes
(Box et al., 2015; Nieto et al., 2015). In a recent study, TOC1/PRR5, another key component in circadian
clock, was revealed to interact with PIF4, inhibiting circadian gating of PIF4 in thermomorphogenesis
(Zhu et al., 2016). FLOWERING TIME CONTROL PROTEIN, an RNA-binding protein, acts as another impor-
tant factor in regulating temperature-mediated flowering and hypocotyl growth by suppressing the activity
of PIF4 (Blazquez et al., 2003; Lee et al., 2014; Macknight et al., 1997).

Given the fact that many factors have been proposed to interact with PIF4 and inhibit its activity, regulatory
components positively regulating the activity of PIF4 in thermoresponses, however, are poorly understood.
In this study, we demonstrated that TCP transcription factors positively regulate thermoresponsive hypo-
cotyl elongation by increasing PIF4 expression and the transcriptional activity of PIF4. High temperature
increases the transcriptional activity of TCP17 toward PIF4 and the interaction between TCP17 and PIF4
by relieving the repression of TCP17 from CRY1. Our studies reveal a novel molecular mechanism of
TCPs in integrating the functions of CRY1 and PIF4 to regulate hypocotyl growth at high ambient
temperatures.

RESULTS
TCPs Positively Regulate Thermomorphogenesis

High-temperature-induced morphological changes are reminiscent of what is seen in a shade condition,
suggesting a possibly common molecular mechanism between these two signaling pathways (Legris
etal, 2017; Quint et al., 2016). Our previous studies revealed that three phylogenetically related TCP tran-
scription factors, TCP5, TCP13, and TCP17, play a crucial role in promoting hypocotyl elongation in shade
(Zhou et al., 2018). To investigate whether these TCPs are also required for thermoresponsive hypocotyl
growth, we analyzed the hypocotyl responses of loss- or gain-of-function mutants of these three TCPs to
elevated temperature. We found that the hypocotyl growth responses of tcp5, tcp13, or tcp17 single
mutant to higher temperature are similar to those of Col-0 (Figures STA and S1B). However, a tcp5
tcp17 double mutant showed a significantly impaired hypocotyl response to elevated temperature
(Figures STA and S1B) and the thermoresponsive defect of the tcp5 tcp13 tcp17 triple mutant, 3tcp, is
more significant than that of the tcp5 tcp 17 double mutant (Figures 1A, 1B, STA, and S1B). In contrast, trans-
genic seedlings overexpressing TCP5, TCP13, or TCP17 showed greatly elongated hypocotyls even at
22°C, the optimal Arabidopsis growth temperature in a laboratory condition, indicating constitutive ther-
momorphogenesis (Figures STA and S1B). These results suggested a redundant role of TCP5, TCP13, and
TCP17 in promoting thermomorphogenesis.

To understand whether the expressions of TCPs are regulated by temperature, we investigated the tran-
scriptional responses of TCP5, TCP13, and TCP17 to a higher-temperature treatment in wild-type seed-
lings. Seven-day-old Col-0 seedlings grown at 22°C and a long-day (LD, 16-h light/8-h dark) condition
were transferred to 28°C or kept at 22°C for 4 h before collected for RNA extraction. We examined the
mRNA levels of TCP5, TCP13, and TCP17 by a real-time PCR assay and observed that the transcriptional
levels of these TCPs were slightly increased after a higher temperature treatment compared with those un-
der 22°C (Figure 1C). Our previous studies demonstrated that TCP17 is an unstable protein in light, and its
stability can be dramatically increased by shade treatment (Zhou et al., 2018). We therefore tested whether
higher temperature can also affect the protein stability of TCP17. Seedlings of a representative homozy-
gous proTCP17::TCP17-GFP transgenic line were grown under LD at 22°C condition for 7 days, and half
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Figure 1. TCPs Act as Positive Regulators in Promoting Thermomorphogenesis

(A and B) tcp5 tcp 13 tep 17 (3tep) triple mutant shows a reduced hypocotyl elongation phenotype under higher temperature. Phenotypes (A) and hypocotyl
measurements (B) of wild-type and 3tcp seedlings grown at 22°C or 28°C. Scale bars, 1 cm. Data shown are the average and SEM of three independent
biological replicates (n > 20 for each replicate). **p < 0.01; based on Student’s t test.

(C) The transcriptional levels of TCP5, TCP13, and TCP17 are slightly increased after high-temperature treatment. Seven-day-old Col-0 seedlings

grown under LD 22°C were transferred to 28°C or remained at 22°C for 4 h before being collected for real time RT-PCR analysis. Data are represented as
mean + SEM. ns p > 0.05, and *p < 0.05; based on Student's t test.

(D) The responses of TCP17 protein from proTCP17::TCP17-GFP plants to elevated temperature. Seedlings were grown under LD at 22°C for 7 days, and
then half of them were transferred to 28°C at ZT-12 or ZT-20 for 4 h. The levels of TCP17-GFP and tubulin were detected by an anti-GFP or an anti-tubulin
(TUB) antibody, respectively.

(E) The responses of TCP17 protein from 35S::TCP17-FLAG plants to elevated temperature. Seedlings were grown at LD at 22°C for 7 days, and then were
treated at 22°C or 28°C for 3 or 6 h. An anti-FLAG or anti-tubulin antibody was used for detecting the accumulation of TCP17-FLAG and tubulin.

of them were transferred to and kept at 28°C from ZT-12 (zeitgeber time 12) to ZT-16 (light) or ZT-20 to
ZT-24 (dark) before being collected for protein extraction. Our immunoblotting results showed that
TCP17-GFP was greatly accumulated in the dark, and that higher temperature has no obvious effect on
the additional accumulation of TCP17 (Figure 1D). However, higher temperature can significantly
elevate the protein level of TCP17 in the light (Figure 1C). To exclude the impact of the transcription of
TCP17, protein analyses were conducted by using transgenic plants from a representative transgenic
line constitutively expressing TCP17-FLAG (355::TCP17-FLAG). Our immunoblotting results showed that
the TCP17-FLAG level was greatly increased after transferring 22°C-grown 355::TCP17-FLAG seedlings
to 28°C for additional 3 or 6 h (Figure 1E). In contrast, the accumulation of TCP17-FLAG was significantly
decreased after transferring 28°C-pretreated seedlings to 22°C for indicated time periods (Figure S1C).
We also found that the degradation of TCP17 at 22°C was significantly suppressed by the treatment of
MG132 (Figure S1D), suggesting the contribution of a 24S proteasome pathway to the instability
of TCP17 at 22°C. Our results indicated that higher temperature increases the protein stability of TCP17,
allowing it to be accumulated in the nucleus and promote thermomorphogenesis.

PIF4 Is Essential for TCP17 to Promote Hypocotyl Growth at Higher Temperature

Previous studies demonstrated that PIF4 acts as a key factor in regulating thermoresponsive hypocotyl
growth (Wigge, 2013). To reveal whether TCP17 promotes thermoresponsive hypocotyl growth by regu-
lating the function of PIF4, genetic and biochemical analyses were carried out to investigate the interaction
between PIF4 and TCPs. We generated pif4/35S:: TCP17-FLAG (pif4/TCP17-OX) plants by crossing pif4 with
the representative transgenic line of 355::TCP17-FLAG (TCP17-OX). The obtained pif4/TCP17-OX seed-
lings displayed significantly reduced hypocotyl elongation at 22°C compared with the TCP17-OX trans-
genic seedlings (Figures 2A and 2B). In addition, the thermoresponse of pif4/TCP17-OX seedlings was
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Figure 2. TCP17 Promotes Thermoresponsive Hypocotyl Growth via PIF4
(A and B) Phenotypes (A) and hypocotyl measurements (B) of Col-0, TCP17-OX (355::TCP17-FLAG), pif4, and pif4/TCP17-OX grown at 22°C or 28°C. Scale
bars, 1 cm. Data shown are the average and SEM of three independent biological replicates. ns p > 0.05, *p < 0.05, and **p < 0.01; based on Student’s t test.
(C) The expression level of PIF4 from Col-0, TCP17-OX, and 3tcp in response to elevated temperature. Seedlings were grown under LD at 22°C condition for
7 days, and half of them were transferred to 28°C at ZT-18 for 2, 4, or 6 h. Whole seedlings were collected for RNA extraction at ZT-20, ZT-22, or ZT-24. Data
arerepresented as mean £ SEM. *p <0.05and **p < 0.01. Student's t tests were used for the statistical analyses, showing the comparison of TCP17-OX-28°C
or 3tcp-28°C with Col-0-28°C.
(D) The hypocotyl responses of Col-0, 3tcp, PIF4-OX (35S::PIF4-FLAG), and 3tcp/PIF4-OX to high temperature. Data are represented as mean + SEM. *p <
0.05 and **p < 0.01; based on Student’s t test.
(E-G) The expression of YUC8 (E), IAA19 (F), and IAA29(G) in Col-0, 3tcp, PIF4-OX, and 3tcp/PIF4-OX plants under 22°C and 28°C. Seven-day-old seedlings
grown at 22°C were transferred to 28°C or kept at 22°C for 4 h before being collected for real-time PCR analyses. Data shown are the average and SEM of
three independent biological replicates. *p < 0.05 and **p < 0.01; based on the Student’s t test.
In (A), (B), and (D) seedlings were grown under LD at 22°C condition for 5 days and then were transferred to 28°C or kept at 22°C for additional 3 days before
the picture and measurements were taken. n > 20 for each replicate.

greatly impaired, showing a response similar to that of the pif4 mutant (Figures 2A and 2B). Consistently,
the results of real-time RT-PCR analyses showed that the expression levels of several known PIF4 target
genes, YUCS, IAA19,and IAA29 (Ma et al., 2016), were significantly increased in TCP17-OX transgenic seed-
lings, whereas they were decreased in 3tcp (Figures S2A-S2C). Furthermore, the responses of YUCS, IAA19,
and IAA29to elevated temperature were greatly impaired in 3tcp (Figures S2A-S2C). As a central regulator
of thermomorphogenesis, PIF4 promotes hypocotyl elongation at higher temperature by increasing the
expression of YUC8 and TAAT (Franklin et al., 2011; Sun et al., 2012), whose encoded proteins are key en-
zymes catalyzing free indole-3-acetic acid biosynthesis (Tao et al., 2008; Zhao, 2010; Zhao et al., 2001).
Consistently, pif4 showed diminished higher-temperature-induced auxin accumulation and hypocotyl
growth (Franklin et al., 2011; Koini et al., 2009; Sun et al., 2012). Our hypocotyl analyses showed that exog-
enous treatment of picloram, an analog of auxin, can significantly rescue hypocotyl growth of 3tcp (Figures
S2D and S2E), indicating that the PIF4-auxin cascade is required for TCP17-promoted thermoresponsive
hypocotyl elongation. These results demonstrated that TCP17-induced thermoresponsive hypocotyl
growth is largely dependent on the function of PIF4.

TCPs Regulate Thermomorphogenesis by Promoting PIF4 Expression and the Transcriptional
Activity of PIF4

Our previous studies demonstrated that TCP17 can directly bind to the promoter of PIF4 to elevate its
expression during shade avoidance (Zhou et al., 2018). To determine whether TCPs can promote the
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expression of PIF4 in response to high temperature, we analyzed the mRNA levels of PIF4 in Col-0, 3tcp,
and TCP17-OX seedlings after treatment with higher temperature for different time periods. Our real-
time RT-PCR analyses showed that at 28°C, the expression of PIF4 was significantly increased in TCP17-
OX transgenic plants and decreased in 3tcp, and the response of PIF4 expression to high temperature
was greatly impaired in 3tcp (Figure 2C). These results indicated that high-temperature-mediated upregu-
lation of PIF4 is partially via TCP transcription factors. We also investigated whether PIF4 regulates the
expression of TCPs in response to elevated temperature. The results from real-time RT-PCR showed
that, compared with wild-type, the expression levels of TCP5 and TCP17 from pif4 were significantly
reduced at 28°C (Figure S2F). In addition, the expression of these three TCPs were greatly increased in
PIF4-OX (35S::PIF4-FLAG) transgenic plants (Figure S2F). These results indicated that the expression of
TCPs can also be regulated by PIF4 in thermoresponses.

As a key factor mediating ambient temperature response, PIF4 can be regulated at multiple levels (Quint
et al., 2016; Wigge, 2013). In addition to increasing the expression of PIF4, high temperature also can
impact the transcriptional activity of PIF4 (Quint et al., 2016; Wigge, 2013). To examine whether TCPs
are involved in promoting the transcriptional activity of PIF4, we analyzed the hypocotyl responses of
Col-0, 3tcp, PIF4-OX, and 3tcp/PIF4-OX to higher-temperature treatment. PIF4-OX transgenic plants
showed extremely elongated hypocotyls compared with Col-0, whereas the hypocotyls of 3tcp/PIF4-OX
seedlings were much shorter than those of PIF4-OX seedlings (Figure 2D). Consistently, our real-time
PCR analyses showed that the expression levels of PIF4 target genes, YUCS8, IAA19, and IAA29, were
dramatically elevated in PIF4-OX plants compared with Col-0 plants (Figures 2E-2G). The expression of
these three genes in 3tcp/PIF4-OX plants, however, was significantly impaired, especially at higher temper-
ature, compared with that in PIF4-OX plants (Figures 2E-2G). Our genetic and molecular data indicated
that TCPs are required for PIF4-promoted thermoresponses.

High Temperature Enhances the Interaction between TCP17 and PIF4 to Increase the
Transcriptional Activity of PIF4

To determine whether TCPs promote the transcriptional activity of PIF4 via direct interaction with PIF4, we
investigated the physical interaction between TCPs and PIF4 in vitro and in vivo. We detected the interac-
tion between TCP17 and PIF4 in planta by a bimolecular fluorescence complementation (BIFC) assay. As
shown in Figure 3A, strong fluorescence was observed in the nuclei of Nicotiana benthamiana leaf cells
co-infiltrated with Agrobacterium harboring TCP17-cYFP and PIF4-nYFP plasmids. Interaction between
TCP5 and PIF4 was also observed (Figure 3A). We further verified the interaction between TCP17 and
PIF4 using a yeast two-hybrid system. Because of high auto-activation of PIF4, the activation domain
(AD) at the N terminus of PIF4 was deleted (PIF4-dAD) before being cloned into a bait vector (Figure 3B).
Our results indicated that TCP17 physically interacts with PIF4 in yeast (Figure 3C). The in vivo interaction
between PIF4 and TCP17 was confirmed by a co-immunoprecipitation (colP) assay. We found that PIF4 was
co-immunoprecipitated with TCP17 from plants at 22°C (Figure 3D). Such colP was significantly increased
upon higher-temperature treatment (Figure 3D).

Consistent with the results that higher temperature can promote the direct interaction between TCP17
and PIF4, our chromatin immunoprecipitation (ChIP) followed by real-time RT-PCR using the aforemen-
tioned 35S5::TCP17-FLAG (TCP17-OX) transgenic plants showed that TCP17 can associate with the
G-box-motif-containing regions in the promoters of YUCS, and IAA19 that PIF4 binds to (Figures 3E and
3F). The association between TCP17 and the promoter regions of YUC8 and IAAT19 was greatly enhanced
by higher temperature (Figure 3F). To further investigate whether TCP17 affects the transcription activity of
PIF4, a transient transcription assay was carried out to analyze the effects of TCPs on PIF4 transcription ac-
tivities, by using a firefly luciferase (LUC) gene driven by the promoter of YUCS8 (pYUC8::LUC) as a reporter
system. Co-infiltration analysis in N. benthamiana leaves indicated that co-expression of PIF4 and TCP5, or
PIF4and TCP17, can drastically increase the expression of LUC, when compared with the one only express-
ing PIF4 (Figure 3G). These results proved that TCP17 forms a complex with PIF4 in vitro and in vivo, and the
interaction was significantly increased by higher temperature, leading to significantly enhanced transcrip-
tion activity of PIF4.

TCPs Are Involved in CRY1-Mediated Thermomorphogenesis

Previous studies demonstrated that a blue light receptor CRY1 can interact with PIF4 in a blue-light-depen-
dent manner to repress the transcription activity of PIF4 and growth responses to elevated temperature
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Figure 3. TCP17 Interacts with PIF4 in a Temperature-Dependent Manner and Promotes the Transcriptional Activity of PIF4

(A) BIFC assay shows that both TCP5 and TCP17 can interact with PIF4 in the nucleus. Nicotiana benthamiana leaves were co-infiltrated with PIF4-YC and YN,
TCP5-YN and YC, TCP17-YN and YC, TCP5-YN and PIF4-YC, and TCP17-YN and PIF4-YC, respectively. YN (nYFP); YC (cYFP).

(B) Box diagrams of full-length PIF4 and an activation domain (AD) deletion fragment of PIF4 (PIF4-dAD) used in a yeast two-hybrid analysis shown in (C).
(C) Direct interaction between TCP17 and PIF4-dAD can be detected via a yeast two-hybrid assay. Yeast clones were grown on synthetic double dropout
medium (-Leu/Trp) or synthetic triple dropout medium (-Leu/Trp/His) without adenine.

(D) colP assays showed that high temperature promotes the interaction between TCP17 and PIF4.

(E) Schematic diagrams showing the presence of G boxes in the promoters of YUC8 and IAA19. P1, P2, and P3 represent primers used in (F).

(F) ChIP assays showed that high temperature promotes TCP17 to bind to the promoters of YUC8 and IAA19, by using the primers flanking the G boxes as
indicated in (E). Data shown are the average and SD. ns p > 0.05, and **p < 0.01. Student’s t tests were used for the statistical analyses.

(G) TCP5 and TCP17 increased the activity of PIF4 as revealed in a transient assay. N. benthamiana leaves were co-infiltrated with the pYUC8::LUC reporter
and the effectors (355::HA-TCP5, 355::TCP17-FLAG, 35S::PIF4-GFP, 35S::PIF4-GFP and 355::HA-TCP5 together, or 35S::PIF4-GFP and 35S5::TCP17-FLAG
together). Forty-eight hours after infiltration, the luciferase activities were imaged using a Lumazone CA 1300B camera.

(Ma et al., 2016). However, mechanisms by which CRY1 regulates the activity of PIF4 in response to temper-
ature changes are not well understood. In addition, transcription factors interacting with CRY1 to regulate
the expression of PIF4 in thermoresponse remain elusive.

To reveal whether TCPs are required for CRY1-mediated thermoresponsive hypocotyl growth, we exam-
ined the genetic interaction between TCPs and CRY1. The hypocotyl responses of Col-0, 3tcp, cry1, 3tcp
cryl, 355::CRY1-HA, 355::TCP17-GFP, and 35S::CRY1-HA/355::TCP17-GFP to elevated temperature were
analyzed. Consistent with the results from a previous study (Ma et al., 2016), cryT showed dramatically elon-
gated hypocotyls at both 22°C and 28°C; the hypocotyl length of 3tcp cry1, however, was greatly reduced
compared with cry? (Figures 4A and 4B). In addition, the hypocotyls of 355::CRY1-HA transgenic seedlings
showed a greatly reduced response to higher temperature, and TCP17-induced hypocotyl elongation at
high temperature was significantly impaired in the 355::CRY1-HA background (Figures 4A and 4B). Consis-
tently, our real-time RT-PCR analyses showed that the expressions of PIF4-targeted genes, YUCS8, IAA19,
and IAA29from cry1are much higher than that from Col-0, whereas the transcriptional levels of these genes
are greatly impaired in the 3tcp cry1 quadruple mutant compared with cry1 (Figures 4C-4E). Our genetic
and molecular data strongly demonstrated that CRY1 inhibits thermomorphogenesis partially via repres-
sing the functions of TCPs.
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Figure 4. TCPs Play Important Role in CRY1-Mediated Thermoresponsive Hypocotyl Growth

(A and B) Genetic interaction between CRY1 and TCPs. Hypocotyl phenotypes (A) and measurements (B) of Col-0, 3tcp, cry1, 3tcp cryl, 355::CRY1 -HA,
355::TCP17-GFP, and 35S::CRY1-HA/355::TCP17-GFP grown at 22°C or 28°C. Scale bars, 1 cm, and n > 20 for each replicate.

(C-E) The expression of PIF4 target genes YUC8 (C), IAA19 (D), and IAA29 (E) in Col-0, 3tcp, cryl, and 3tcp cryT at 22°C and 28°C. Seedlings were grown
under LD condition at 22°C for 7 days were transferred to 28°C or remained at 22°C for 4 h before being collected for real-time PCR analysis.

In (B-E), data shown are the average and SEM of three independent biological replicates. **p < 0.01. Student'’s t tests were used for the statistical analyses.

CRY1 Physically Interacts with TCP17 in a Temperature-Dependent Manner

To determine whether these TCPs are involved in CRY1-regulated thermomorphogenesis by directly inter-
acting with CRY1, we investigated the physical interaction between CRY1 and TCPs in vitro and in vivo. In a
BIFC assay, strong fluorescence was observed in the nucleus of N. benthamiana leaf cells after co-infiltra-
tion with Agrobacterium mixtures harboring CRY1-cYFP and TCP17-nYFP or CRY1-cYFP and TCP5-nYFP
plasmids (Figure 5A). Also, we tested the interaction between TCP17 and CRY1 in a yeast two-hybrid sys-
tem. Arabidopsis CRY1 is a photolyase-like blue light receptor (Briggs and Huala, 1999; Lin, 2002). CRY1
contains two functional domains, an N-terminal photolyase-related (PHR) domain for chromophore bind-
ing and a C-terminal extension (CCE) domain for protein-protein interactions (Figure 5B) (Yu et al., 2010).
Because of strong autoactivation of full-length CRY1 protein, we tested the interaction between TCP17 and
PHR or CCE domain and found that TCP17 interacts strongly with PHR, but not with CCE domain (Fig-
ure 5C). Consistently, E. coli-purified TCP17 and CRY1 also showed interaction in an in vitro pull-down assay
(Figure 5D). More remarkably, the interaction between CRY1 and TCP17 in Arabidopsis showed tempera-
ture dependence. CRY1 was co-immunoprecipitated with TCP17 from plants grown at 22°C, but the inter-
action was greatly reduced at 28°C (Figure 5E).

CRY1 Inhibits the Activity of TCP17 in Promoting PIF4 Expression and the Interaction
between TCP17 and PIF4

The temperature-dependent interaction between TCP17 and CRY1 suggests a fundamental role of CRY1 in
regulating the function of TCP17 in thermomorphogenesis. Our results showed that the stability of TCP17
protein is regulated by temperature. To investigate whether the degradation of TCP17 at low temperature
is mediated by CRY1, we tested the response of TCP17 protein in cryT or 355:CRY1-HA background to
different temperatures. Our immunoblotting analysis showed that the level of TCP17 protein from
35S::CRY-HA or cryl in response to temperature changes was not significantly altered compared with
that from Col-0 (Figure S3A). This result suggested that the degradation of TCP17 at lower temperature
is not caused by the interaction between CRY1 and TCP17. The detailed mechanism by which temperature
regulates the stability of TCP17 needs to be clarified in the future.
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Figure 5. CRY1 Forms a Complex with TCP17 at Lower Temperature to Repress the Interaction between TCP17 and PIF4

(A) BIFC assays in Nicotiana benthamiana leaves showed strong interactions between CRY1 and TCP5 or TCP17.

(B) The schematic diagram shows the PHR (N-terminal photolyase-related domain) and CCE (C-terminal extension domain) domains of CRY1 protein.

(C) Yeast two-hybrid assays showed an interaction between TCP17 and the PHR domain of CRY1.

(D) Interaction of TCP17 and CRY1 can be detected in an in vitro pull-down assay. E. coli expressed and purified MBP and MBP-tagged TCP17 were
incubated with FLAG-CRY1 for 2 h at 4°C; the products were analyzed by immunoblotting with anti-MBP or anti-FLAG antibody. * represented MBP-TCP17.
(E) TCP17 interacts with CRY1 in a temperature-dependent manner in vivo. An anti-FLAG affinity matrix (Sigma) was used for immunoprecipitation analyses.

PIF4-YN+YC TCP17-YC+YN

The input and the immunoprecipitation (IP) products were probed by an anti-FLAG or an anti-CRY1 antibody.
(F) BIFC assay showed that the interaction between PIF4 and TCP17 in N. benthamiana leaves is inhibited by co-expression of 35S5::CRY1-HA.
(G) A hypothetical mechanism by which TCP transcription factors regulates thermomorphogenesis.

Previous studies demonstrated that a CRY1 loss-of-function mutant can greatly elevate the expression of
PIF4in response to high temperature (Ma et al., 2016). To reveal whether CRY1 is involved in TCP-mediated
regulation of PIF4 expression, we examined the responses of PIF4 from cry1 and 3tcp cryl to elevated
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temperature. Our data showed that the expression of PIF4 from cry1 was much higher than that from Col-0,
whereas the PIF4 expression from 3tcp cryl in response to high temperature was significantly reduced
compared with that from cry? (Figure S3B). Our further transient transcription assay in N. benthamiana
by using a pPIF4::LUC reporter system showed that CRY1 can significantly reduce the transcriptional activ-
ity of TCPs toward PIF4 (Figure S3C). These data indicated that CRY1 negatively regulates PIF4 expression
partially by repressing the activity of TCPs.

Considering the results that high temperature releases TCP17 from the TCP17-CRY1 complex (Figure 5E),
and increases the interaction between TCP17 and PIF4 (Figure 3D), we hypothesized that CRY1 forms a
complex with TCP17 to suppress the interaction between TCP17 and PIF4. To investigate whether CRY1
affects the interaction between TCP17 and PIF4, we transiently expressed TCP17-nYFP and PIF4-cYFP
with or without CRY1in N. benthamiana leaves. Consistently, strong fluorescence was observed in the cells
co-expressing TCP17-nYFP and PIF4-cYFP. When CRY1 was co-expressed with TCP17-nYFP and PIF4-cYFP,
the fluorescence signals were significantly reduced and faded (Figure 5F). Consistently, the results from a
ChlIP experiment followed by PCR showed that under 22°C, loss of function of CRY1 (cry1) can significantly
increase the binding affinity of TCP17 to the G-boxes in the promoters of PIF4 target genes, similar to that
from Col-0 grown under 28°C (Figure S4), indicating enhanced binding activity of TCP17 to PIF4. In sum-
mary, our data demonstrated that CRY1 represses the interaction between TCP17 and PIF4, leading to
lower PIF4 activity in regulating the expression of its target genes.

DISCUSSION

In this study, we illustrate a molecular framework that TCP transcription factors act as positive regulators in
thermomorphogenesis by promoting the function of PIF4 at both transcriptional and post-transcriptional
levels (Figure 5G). The regulation of TCP17 by temperature is at multiple different levels. TCP17 protein
shows a very low abundance at 22°C. Elevated ambient temperature can increase the stability of TCP17,
resulting in the accumulation of TCP17. The activity of TCP17 is also regulated by temperature. At a lower
temperature, CRY1 physically interacts with TCP17 and inhibits not only the transcriptional activity of TCP17
but also the interaction between TCP17 and PIF4, leading to greatly reduced mRNA abundance and tran-
scriptional activity of PIF4. The elevated ambient temperature can suppress the interaction between TCP17
and CRY1. Subsequently, TCP17 promotes the expression of PIF4, and the interaction between PIF4 and
TCP17 is enhanced, leading to increased transcription activity of PIF4 toward its downstream thermores-
ponsive genes. Our results not only demonstrated novel roles of TCPs in regulating thermomorphogenesis
but also proved that CRY1 can negatively regulate thermoresponse not only by directly inhibiting the tran-
scription activity of PIF4 but also by repressing the activities of its positive regulators, like TCPs. These re-
sults contribute to our better understanding of the regulatory mechanisms of higher temperature on plant
growth and development. The knowledge can be used for future crop improvements via molecular
breeding or genetic engineering for higher productivity under a wide range of temperatures.

Limitations of the Study

In this study, we demonstrated the important role of TCP transcription factors in regulating thermorespon-
sive hypocotyl growth. The stability of TCP17 protein is greatly increased at high temperature, the detailed
mechanism of which is still unknown. In addition, as a temperature sensor, PHYB regulates thermomorpho-
genesis by repressing the activity of PIF4. Whether TCPs are involved in PHYB-mediated thermoresponses
will be a very interesting research direction.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Related to Figure 1. The redundantly role of TCPs in regulating
thermomorphogenesis positively. (A) Phenotypes of Col-0, tcp3, tcpi3, tcpl7, tcp5
tepl7, 3tep, 358::HA-TCPS5 (TCP5-0X), 35S::TCP13-GFP (TCP13-0X), and
358::TCP17-FLAG (TCP17-OX) grown at 22°C and 28°C conditions. Scan bars
represent 1 cm. (B) Measurements of the hypocotyl length shown in (A). Data shown
were average and SEM (n>20). ns p>0.05, *p< 0.05 and **p < 0.01; based on
student’s t test, which was performed by comparing each mutant to Col-0 grown
under the same temperature. (C) The protein level of TCP17 was greatly reduced at
lower temperature. Seven-day-old 35S::TCP17-FLAG seedlings grown under LD,
22°C, were pretreated at 28°C for 24 hours and then transferred to 22°C or remained
at 28°C for 3 or 6 hours. (D) The degradation of TCP17 protein at lower temperature
was repressed by MG132. 28°C pre-treated 35S5::TCP17-FLAG seedlings were
transferred to 1/2 MS media with or without MG132 and incubated at 22°C for 6
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hours, as control, 355::TCP17-FLAG seedlings were treated at 28°C in 1/2 MS media
without MG132 for 6 hours. In (C) and (D), immunoblot was carried out to detect the
level of TCP17-FLAG and Tubulin by using an anti-FLAG or an anti-tubulin antibody,

respectively.
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Figure S2. Related to Figure 2. TCPs play important roles in regulating
PIF4-mediated thermoresponses.

(A-C) The responses of PIF4 targeted genes from Col-0, TCP17-OX, or 3tcp to
elevated temperature. Seven-day-old seedlings grown under 22°C, LD condition were
transferred to 28°C or kept at 22°C for 2, 4, and 6 hours before being collected for
RNA extraction and real time PCR analyses. Data shown are the average and SEM of
three biological replicates. *p< 0.05 and **p < 0.01; based on the student’s t test,
showing the comparison of TCP17-0OX-28°C or 3tcp-28°C to Col-28°C. (D, E) PIC
can rescue the short hypocotyl phenotype of 3tcp. Col-0 and 3#cp seedlings were
grown under LD condition at 22°C with various concentration of an auxin analog,
picloram (PIC), for 5 days and then transferred to 22°C (D) or 28°C (E) for additional
3 days before measurement was taken. Data shown were average and SEM (n>20). ns
p>0.05, *p< 0.05 and **p < 0.01; based on the student’s t test. (F) The expression of
TCPS5, TCP13, and TCP17 from Col-0, PIF4-OX, and pif4 in response to elevated
temperature. Seedlings were grown under LD, 22°C for 7 days, and then were
transferred to 28°C or remained at 22°C for 4 hours. Data shown are the average and
SEM of three biological replicates. *p< 0.05 and **p < 0.01; based on the student’s t

test.
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Figure S3. Related to Figure S. CRY1 inhibits the activity of TCP17 to repress

PPIF4:LUC

TCP5+CRY1

\ ; pPIF4::LUC+
+TCP17 [ \ TCP17+CRY1

PIF4 | ACTIN2

Co-0 3tcp  cryl 3tep cryl
the expression of PIF4. (A) The response of TCP17 protein to temperature changes
are not altered by CRY 1. Seven-day-old 35S5::TCP17-FLAG,
CRYI1-OX/35S8::TCP17-FLAG, cryl/35S::TCP17-FLAG seedlings grown under 22°C
were pre-treated at 28°C for 1 day, and then transferred half of them to 22°C for 3
hours before being collected for protein extraction. Immunoblotting was taken out to
detect the TCP17-FLAG protein level by using an anti-FLAG antibody. Tubulin
probed by an anti-TUB antibody was used as an internal control. (B) The expression
level of PIF4 from Col-0, 3tcp, cryl and 3tcp cryl in response to elevated
temperature. Seedling were grown under LD, 22°C condition for 7 days, and then
were transferred to 28°C or remained at 22°C for 4 hours before being collected for
analyses. Data shown were average and SEM. *p< 0.05 and **p < 0.01; based on
student’s t test. (C) CRY1 inhibits the transcriptional activity of TCP5 and TCP17 in a
transient assay using N. benthamiana leaves. pPIF4::LUC was co-expressed with
358::CRYI-HA, 3S::TCP5-HA, 35S::TCP17-FLAG, 3S::TCP5-HA with
358::CRYI-HA, or 35S::TCP17-FLAG with 35S.::CRY1-HA, respectively. The

luciferase activities were imaged 48 hours after co-infiltrated.
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Figure S4. Related to Figure S. CHIP assay on the promoters of YUC8 and 14419
from Col-0, TCP17-0X (358::TCP17-FLAG), and cryl/TCP17-0X
(cryl-35S8::TCP17-FLAG).

Seedlings were grown under LD, 22°C for 10 days, and then half of them were
transferred to 28°C for 4 hours before collected for CHIP. P1, P2, and P3 are
described as in Figure 3E and 3F. Data shown are the average and SD. *p< 0.05 and

**p < 0.01. Student’s t tests were used for the statistical analyses.
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Table S1. Related to Figure 1, Figure 2, Figure 3, and Figure 4. Primer sequences

used in this study.

Primers for Q-RT PCR analysis

Actin2-F TCAGATGCCCAGAAGTGTTGTTCC
Actin2-R CCGTACAGATCCTTCCTGATATCC
TCP17-Q-F TCTGGTAACGTCACTGTCGC
TCP17-Q-R ACCACCACCGAGAAACGAAG
TCPS5-Q-F TCCTACTCCTCCGGCAATGA
TCP5-Q-R AAGAGCTGAAGATGACCGGC
TCP13-Q-F TTAGGGTTTCACGCGCCTTT
TCP13-Q-R GCTGAATAGCCGTTGGGACT
PIF4-Q-F TGCATCACAACCGACCGTAA
PIF4-Q-R TGCTCGACTCCTTCGGTTTG
YUC8-Q-F TGTATGCGGTTGGGTTTACGAGGA
YUC8-Q-R CCTTGAGCGTTTCGTGGGTTGTTT
IAA19-Q-F GGTGACAACTGCGAATACGTTACCA
[AA19-Q-R CCCGGTAGCATCCGATCTTTTCA
IAA29-Q-F TCCGATTTGAACGCCTATCCT
[AA29-Q-R ACCGTGTGCATATACAAGATGTTTG

Primers for ChIP-qPCR analysis
P1-F atcgttgctccctaattcca
P1-R TTTCTACCGACCATTTTTGT
P2-F GATATCAAATGACTCCACGTGTC
P2-R TCCGTGAAAGCTCTCTTCTTCAT
P3-F GGTGCTACAAATGTCGTTTGGTA
P3-R GATGGGGTTTAGAGGACGTAGGG

Primers used for cloning
TCPS5-F AAAAAGCAGGCTTC ATGAGATCAG GAGAATGTGA
TCPS5-R AGAAAGCTGGGTC TCAAGAATCTGATTCATTATCGC
TCP5-NR AGAAAGCTGGGTCAGAATCTGATTCATTATCGC
TCP13-F AAAAAGCAGGCTTC ATGAATATCG TCTCTTGGAA
TCP13-R AGAAAGCTGGGTC TCACATATGGTGATCACTTCCTC
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78

TCP13-NR AGAAAGCTGGGTCCATATGGTGATCACTTCCTC
TCP17-F AAAAAGCAGGCTTC ATGGGAATAA AAAAAGAAGA
TCP17-R AGAAAGCTGGGTCCTACTCGATATGGTCTGGTTGT
TCP17-NR AGAAAGCTGGGTCCTCGATATGGTCTGGTTGT

PIF4-F AAAAAGCAGGCTTCATGGAACACC AAGGTTGGAG
PIF4-R AGAAAGCTGGGTCCTAGTGGTCCAAACGAGAACCGT
PIF4-NR AGAAAGCTGGGTCGTGGTCCAAACGAGAACCGT
proTCP17-F AAAAAGCAGGCTTC aatatggtccggtttgecagtgg

proYUCS-F AAAAAGCAGGCTTC ATCCGATATGATAACGAT
proYUCS8-R AGAAAGCTGGGTC TGGAAGTTGTATTGGAAA
CRY1-F AAAAAGCAGGCTTC ATGTCTGGTT CTGTATCTGG
CRY1-R AGAAAGCTGGGTC TTACCCGGTTTGTGAAAGCCGTC
CRY1-NR AGAAAGCTGGGTC CCCGGTTTGTGAAAGCCGTC
proPIF4-F AAAAAGCAGGCTTCgatatggtccattacaagtaggcac

proPIF4-R

AGAAAGCTGGGTC GTCAGATCTCTGGAGACATTTCA
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Transparent methods

Plant materials and growth condition

All the plants used in this study are Columbia accession. tcp5 (CS116350), tcpi3
(CS313854), tcpl7 (SALK 148580), pif4 (SALK 140393), and cryl (SALK 069292)
were obtained from ABRC. fcp5 tcpl7 double mutant was generated by crossing tcp5
with tcpl7. 3tcp triple mutant was obtained from Yuval Eshed’s lab and was
previously described (Efroni et al., 2008; Zhou et al., 2018). For constitutive
overexpression, full length coding sequences of TCP5, TCP13, TCP17, PIF4, CRY1,
and were cloned into pEarley Gate201 (35S::HA-TCP5 and 35S::HA-TCP13),
PBIB-BASTA-35S::GWR-FLAG (35S::TCP17-FLAG and 35S::PIF4-FLAG),
pBIB-HYG-35S::GWR-GFP (35S::PIF4-GFP, and 35S::TCP17-GFP), and
pBIB-HYG-35S::GWR-HA (35S::CRYI-HA) using a Gateway cloning approach. For
proTCP17::TCP17-GFP transgenic plants, promoter region (1500 bp upstream of
ATG) and coding sequence of TCP/7 amplified from genomic DNA was cloned into
pBIB-BASTA-GWR-GFP by the Gateway cloning approach. pif4/35S::TCP17-FLAG
was obtained by crossing pif4 with 355::TCP17-FLAG. 3tcp/35S::PIF4-FLAG plants
were generated by crossing 3tcp with 35S::PIF4-FLAG. 3tcp cryl quadruple mutant
was obtained by crossing 3tcp with cryl. CRYI-OX/TCP17-OX plants were generated
by crossing 35S::TCP17-GFP with 35S::CRY1-HA.
358::CRYI1-HA/35S::TCP17-FLAG plants were generated by crossing 355::CRY1-HA
with 358::TCP17-FLAG. 358::PIF4-GFP/35S::TCP17-FLAG plants were generated
by transforming 35S::PIF4-GFP into a 35S::TCP17-FLAG background. All the plants
were grown in a greenhouse set at 22°C and a long day condition (LD, 16h light/8h

dark) for general growth and seed harvesting.

Hypocotyl measurements
Surface-sterilized seeds were planted on 1/2 Murashige and Skoog (MS) medium
containing 1 % sucrose and 0.8 % agar. For PIC treatment, various concentrations of

PIC were mixed in the 1/2 MS medium. After 2 day vernalization, the plates were



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

placed under LD, 22°C condition for 5 days and then transferred to LD, 28°C or
remained at LD, 22°C for additional 3 days before being harvested for analyses.
Hypocotyls of seedlings were scanned and Image J software was used to quantify
hypocotyl lengths. At least 20 seedlings were measured for each independent
experiment. At least three biological replicates were carried out for each quantitative

analysis.

RNA extraction and real time PCR

Seedlings were grown under 22°C, LD condition for 7 days, and then were transferred
to 28°C or remained at 22°C for different time periods. Total RNAs were extracted
using a Plant Total RNA extraction kit (Tiangen), and 1 pg total RNA was used for the
first-strand cDNA synthesis using an Invitrogen reverse transcriptase kit, according to
the manufacturer’s instructions. Real time PCR was performed by using SYBR
Premix Ex Taq II (TaKaRa) on an Applied Biosystems Step One Plus Real-time PCR
system. The relative expression shown was the mean from 3 biological replicates after

normalized against ACTIN2.

Immunoblotting

Protein extraction and immunoblotting were carried out as described previously
(Zhou et al., 2018). proTCP17::TCP17-GFP and 35S::TCP17-FLAG were grown
under LD, 22°C condition for 7 days, then were treated for various time periods under
different temperature conditions, before the whole seedlings being collected for
protein extraction. The protein levels of TCP17-GFP and TCP17-FLAG were detected
with an anti-GFP (Roche) or an anti-FLAG antibody (Abmart) respectively.
TUBULIN probed with an anti-tubulin antibody (sigma) was used for as an internal
control. The experiments were repeated three times and the similar results were

obtained. One of the representative results was shown.

Yeast two-hybrid assay
The full length of TCP17 cDNA was cloned into a pGADT?7 vector and the various



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

fragments of PIF4 and CRY 1 were cloned into the pGBKT7 vector based on
manufacturer’s instructions (Clontech). The construct pGADT7-TCP17 was
transformed into Y187 yeast cells, and the constructs containing various fragments of
PIF4 or CRY1 were transformed into Y2H Gold yeast cells. After selected on a
synthetic dropout medium without Leu (-Leu, for pGADT7-TCP17) or Trp (-Trp, for
pGBKT7-PIF4-dAD, pGBKT7-CCE, and pGBKT7-PHR), the yeast cells harboring
pGADT7-TCP17 were matted with yeast cells harboring pGBKT7-PIF4-dAD,
pGBKT7-CCE, or pGBKT7-PHR for 24 hours, and then grown on synthetic dropout
medium without Leu and Trp (-Leu/ Trp). Tree clones of each plate were picked up
and grown on the synthetic dropout medium without Leu, Trp, His, and Adnine
(-Leu/Trp/His/Adnine) containing 25 mM Aureobasidin A (ABA) to detect the
interactions between TCP17 and PIF4 or CRY 1.

BIFC

The full length cDNA of TCP17, and TCP5 were cloned into pEarley Gate201-nYFP,
while PIF4, CRY1 was cloned into pEarley Gate202-cYFP. Agrobacterium harboring
each plasmid was incubated in LB medium containing 10 mM MES (PH 5.7) and 20
mM acetosyringone at 28°C overnight with shaking. After centrifugation, the pellets
were resuspended in MS medium with 10 mM MES (PH5.7), 10 mM MgCl,, and 150
mM acetosyringone to make a final concentration with ODsoo up to 0.6. For
co-transfections, equal volume of appropriate agrobacteria was mixed and the
mixtures were incubated at room temperature for 3 hours before injection. After 48

hours of infiltration, the fluorescence was observed by a Leica confocal microscope.

Pull down assay

Full length coding sequence of TCP17 was fused in frame to the C terminus of the
MBP tag by cloning into a pMAL-cRI -GWR vector. To make a FLAG-CRY1 fusion
protein, CRY 1 was cloned into the pFLAG-MAC vector by gateway method. For pull
down assay, E. coli expressed MBP-TCP17 was purified using an amylose resin (NEB)

following the manufacturer’s instructions. The purified MBP-TCP17 protein was
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incubated with the E.coli-purified FLAG-CRY 1 protein under 4°C for 2 hours. After
eluted using an elution buffer (10 mM maltose, 10 mM Tris-HCI, PH 7.5), the
pull-down products were detected by immunoblotting using an anti-MBP or an

anti-FLAG antibody.

Coimmunoprecipitation (co-IP)

Col and 35S::TCP17-FLAG seedlings were used for detecting the interaction between
TCP17 and CRY 1, and for the interaction between PIF4 and TCP17, 35S::PIF4-GFP
and 35S::PIF4-GFP/35S::TCP17-FLAG seedlings were used. Seven days old
seedlings grown in a LD, 22°C growth chamber were transferred to 28°C or kept at
22°C for 4 hours before harvested for analyses. The tissues were grounded to fine
powder in liquid nitrogen, and homogenized in IP buffer (50 mM Tris-HCI (PH 7.5), 1
mM EDTA, 75 mM NaCl, 0.5 % Triton X-100, 5 % Glycerol). After sonicated 5 times
(10 seconds each time) with power output setting at 65 W, the extracts were
centrifuged at 13,000 rpm for 15 min. The supernatant was mixed with 40 pl of
anti-FLAG Affinity Matrix (SIGMA), and incubated at 4°C for 4 hours. The beads
were washed 5 times with washing buffer (50 mM Tris-HCI (PH 8.0), 150 mM NacCl,
0.1 % Triton X-100). The bound proteins were eluted from the affinity beads with 2
SDS loading buffer boiled at 95°C for 10 min. The immunoprecipitation products
were analyzed by immunoblot using an anti-FLAG, an anti-GFP, or an anti-CRY'1

antibody.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed as described
previously (Ni et al., 2009). Col-0, 35S::TCP17-FLAG and cry1/35S::TCP17-FLAG
transgenic seedlings were grown in LD condition at 22°C for indicated time, and then
transferred to 28°C or kept at 22°C for 4 hours. Two grams of plants were collected
for ChIP assay. Chromatin was isolated and sonicated to generate DNA fragments
with size ranging from 200 bp to 1000 bp. 40 pl of the anti-FLAG Affinity Matrix

(SIGMA) were used for chromatin immunoprecipitation. Precipitated DNA was



199  analyzed by a real-time PCR. Three independent biological repeats were performed,
200  and similar results were obtained. Relative fold enrichment shown in the results was
201  the mean from one biological replicate after normalized against ACTIN2, and then
202  against the respective input DNA samples. Student’s t test was used for the statistical
203  analyses.

204

205  Luciferase imaging

206  The transient expression assays in N. benthamiana leaves were carried out as

207  previously described (Walley et al., 2007). The reporter pPIF4::LUC and

208  pYUCS::LUC constructs were generated by inserting the promoter of PIF4 or YUCS
209  into the pGWB235 binary vector by the Gateway cloning approach.

210 358:TCP17-FLAG, 35S::HA-TCPS, 35S::PIF4-GFP, and 35S.:CRY1-HA were used
211 as effectors. The analyses were repeated three times, and similar results were obtained.

212 Luciferase activities were imaged using a Lumazone CA 1300B camera.

213

214  Accession Numbers

215 TCP5 (AT5G60970), TCP13 (AT3G02150), TCP17 (AT5G08070),

216  PIF4 (AT2G43010), CRY1 (AT4G08920), YUCS (AT4G28720), IAA19 (AT3G15540),
217 IAA29 (AT4G32280).
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