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Abstract

Light and temperature are two core environmental factors that
coordinately regulate plant growth and survival throughout their
entire life cycle. However, the mechanisms integrating light and
temperature signaling pathways in plants remain poorly under-
stood. Here, we report that CBF1, an AP2/ERF-family transcription
factor essential for plant cold acclimation, promotes hypocotyl
growth under ambient temperatures in Arabidopsis. We show that
CBF1 increases the protein abundance of PIF4 and PIF5, two phyto-
chrome-interacting bHLH-family transcription factors that play
pivotal roles in modulating plant growth and development, by
directly binding to their promoters to induce their gene expression,
and by inhibiting their interaction with phyB in the light. More-
over, our data demonstrate that CBF1 promotes PIF4/PIF5 protein
accumulation and hypocotyl growth at both 22°C and 17°C, but
not at 4°C, with a more prominent role at 17°C than at 22°C.
Together, our study reveals that CBF1 integrates light and temper-
ature control of hypocotyl growth by promoting PIF4 and PIF5
protein abundance in the light, thus providing insights into the
integration mechanisms of light and temperature signaling path-
ways in plants.

Keywords ambient temperature; CBF1; hypocotyl growth; phytochrome;

PIF4/PIF5

Subject Categories Plant Biology; Signal Transduction

DOI 10.15252/embj.2019103630 | Received 4 October 2019 | Revised 5 April

2020 | Accepted 23 April 2020 | Published online 25 May 2020

The EMBO Journal (2020) 39: e103630

Introduction

Plants have evolved sophisticated mechanisms to adapt to various

environmental conditions. Light is a major environmental factor

that regulates plant growth and development. Dark-grown seedlings

undergo skotomorphogenesis (etiolation), a developmental process

characterized by long hypocotyls, closed and yellowish cotyledons,

and apical hooks; by contrast, light-grown seedlings undergo photo-

morphogenesis (de-etiolation), a developmental process character-

ized by short hypocotyls, open and green cotyledons, and

development of mature chloroplasts (Jiao et al, 2007; Li et al, 2011;

Xu et al, 2015). Different wavelengths of light are perceived by

distinct classes of photoreceptors, among which phytochromes are

responsible for perceiving the red (R) and far-red (FR) light spec-

trum (Jiao et al, 2007; Franklin & Quail, 2010; Li et al, 2011; Legris

et al, 2019; Yadav et al, 2020). The Arabidopsis genome encodes

five phytochrome proteins, named phyA to phyE. PhyA is the

primary photoreceptor responsible for perceiving FR light, whereas

phyB is the predominant photoreceptor regulating photomor-

phogenic responses to R light (Franklin & Quail, 2010; Li et al,

2011). Phytochromes exist in two interconvertible forms in vivo: the

R-absorbing Pr form and the FR-absorbing Pfr form, and the Pfr

form is generally considered to be the biologically active form (Bae

& Choi, 2008; Li et al, 2011). In the dark, phytochromes are synthe-

sized in the cytosol in the Pr form; upon exposure to R light, phyto-

chromes are converted into the Pfr form, and translocate into the

nucleus, where they rapidly change the expression of light-respon-

sive genes leading to the modulation of various biological responses

(Jiao et al, 2007; Fankhauser & Chen, 2008; Franklin & Quail, 2010;

Li et al, 2011; Legris et al, 2019).
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Low temperature is a major abiotic stress that seriously affects

the growth and development of plants. To survive cold stress, plants

have evolved a suite of sophisticated strategies, among which cold

acclimation is one of the major mechanisms plants use to adapt to

low temperatures (Thomashow, 1999; Chinnusamy et al, 2007; Shi

et al, 2015, 2018; Ding et al, 2019, 2020). Cold acclimation, a process

by which plants acquire enhanced freezing tolerance upon prior

exposure to low but nonlethal temperatures, is achieved by activa-

tion of a set of cold-regulated (COR) genes, some of which encode the

cryoprotective proteins or the key enzymes for osmolyte biosynthesis

(Shi et al, 2018; Ding et al, 2019). Accumulating evidence indicates

that three tandemly clustered C-repeat binding factor/dehydration-

responsive element-binding protein1 (CBF/DREB1) genes, encoding

AP2/ERF-family transcription factors, play central roles in plant cold

acclimation. CBF proteins have been shown to directly bind CRT/

DRE cis-elements in the promoters of COR genes and activate their

expression (Stockinger et al, 1997; Liu et al, 1998; Thomashow,

1999; Chinnusamy et al, 2007). Plants exposed to nonfreezing low

temperatures were shown to induce CBF genes to high levels within

15 min (Gilmour et al, 1998; Medina et al, 1999; Vogel et al, 2005),

thus leading to the activation of downstream COR genes and the

enhancement of plant freezing tolerance. Emerging evidence has

shown that CBF transcription factors are subjected to complicated

but delicate control at transcriptional, post-transcriptional, and post-

translational levels (Medina et al, 2011; Shi et al, 2015, 2018; Liu

et al, 2018; Ding et al, 2019, 2020).

Phytochrome-interacting factors (PIFs) are a group of basic

helix-loop-helix (bHLH)-family transcription factors. PIF3, the

foundation member of the PIF subset, was firstly identified by a

yeast two-hybrid screen for phytochrome-interacting factors (Ni

et al, 1998). PIF4 was identified later by a forward genetic study,

whereas PIF1 and PIF5 were characterized by their homology to

PIF3 (Huq & Quail, 2002; Huq et al, 2004; Khanna et al, 2004; Oh

et al, 2004). Later studies demonstrated that pif1 pif3 pif4 pif5

quadruple (abbreviated as pifq) mutants displayed a constitutively

photomorphogenic (cop)-like phenotype in darkness, demonstrating

that the PIF proteins act to repress photomorphogenesis in etio-

lated seedlings (Leivar et al, 2008b; Shin et al, 2009). At the same

time, compelling evidence indicated that upon illumination,

photoactivated phytochromes interacted with nuclear PIF proteins

to induce rapid phosphorylation, ubiquitination, and 26S protea-

some-mediated degradation of PIFs, thereby modulating the

expression of a large number of PIF target genes within minutes

(for reviews, see Leivar & Quail, 2011; Li et al, 2011; Leivar &

Monte, 2014; Xu et al, 2015; Pham et al, 2018). Moreover, numer-

ous studies have demonstrated that PIFs act as important integra-

tors of diverse signaling pathways, including endogenous (e.g.,

hormonal) as well as external environmental cues (e.g., light and

temperature), to optimize plant growth and development (Leivar &

Monte, 2014; Paik et al, 2017).

As two key environmental factors, light and temperature signals

are believed to be tightly associated, because in natural conditions

light is normally accompanied by warm temperatures whereas dark

by cooler temperatures. Consistent with this notion, it was shown

that photoperiod and light quality regulated plant freezing tolerance

through phytochromes (Kim et al, 2002; Franklin & Whitelam, 2007;

Lee & Thomashow, 2012). The recent findings that the photoreceptor

phyB functions as a thermosensor at ambient temperature (Jung et al,

2016; Legris et al, 2016), and that phototropin perceives both blue

light and cold signals in the liverwort Marchantia polymorpha (Fujii

et al, 2017) further reinforced this notion. HY5, a well-characterized

bZIP transcription factor playing a key role in promoting photomor-

phogenesis (Koornneef et al, 1980; Oyama et al, 1997), and COP1, an

E3 ubiquitin ligase targeting HY5 for 26S proteasome-mediated

protein degradation (Osterlund et al, 2000), were shown to integrate

cold and light signals to promote the cold acclimation response

(Catalá et al, 2011; Noren et al, 2016). PIFs, including PIF3, PIF4,

and PIF7, were shown to repress the expression of CBF genes under

low temperatures by directly binding to their promoters, thus inte-

grating light and temperature signals to optimize plant growth and

cold tolerance (Kidokoro et al, 2009; Lee & Thomashow, 2012; Jiang

et al, 2017). In addition, PIF4 has been shown to be a central regula-

tor of warm-temperature-mediated elongation growth and flowering

in Arabidopsis (Koini et al, 2009; Franklin et al, 2011; Kumar et al,

2012; Sun et al, 2012; Proveniers & van Zanten, 2013; Jung et al,

2016; Quint et al, 2016; Park et al, 2019; Vu et al, 2019). On the other

hand, high expression of osmotically responsive genes 1 (HOS1), an

E3 ubiquitin ligase originally identified as a cold signaling attenuator

(Lee et al, 2001; Dong et al, 2006), was recently shown to participate

in red light-mediated degradation of constans (CO) (Lazaro et al,

2015) and facilitate phyB-mediated inhibition of PIF4 function during

hypocotyl growth (Kim et al, 2017).

In this paper, we report that CBF1 promotes hypocotyl growth

under ambient temperatures in Arabidopsis. We show that CBF1

directly binds to the promoters of PIF4 and PIF5 and induces their

expression in the light. In addition, our data demonstrate that CBF1

physically interacts with both phyA and phyB, and inhibits phyB

interaction with PIF4 and PIF5. Moreover, our data demonstrate that

CBF1 promotes hypocotyl growth and PIF4/PIF5 protein accumula-

tion at 22°C and 17°C, but not at 4°C. Therefore, our study uncovers

an important role of CBF1 in regulating Arabidopsis hypocotyl

growth under ambient temperatures.

Results

CBF1 promotes hypocotyl growth in the light

To investigate the mechanisms of cross-talk between light and

temperature signaling pathways, we asked whether CBFs, the

pivotal transcription factors functioning in plant cold acclimation,

could be involved in regulating Arabidopsis seedling photomorpho-

genesis. We first grew single mutant and overexpression (OE) lines

of CBF1, CBF2, and CBF3 together with wild-type (Col) in darkness

(D) or continuous FR, R, blue (B), and white (W) light at 22°C for

4 days, and then compared their hypocotyl elongation and cotyle-

don expansion, two developmental processes regulated by light

during the seedling stage (Jiao et al, 2007; Li et al, 2011; Sun et al,

2016). Interestingly, we observed that seedlings of two cbf1 mutants

displayed shorter hypocotyls, whereas two CBF1-OE lines exhibited

longer hypocotyls in all tested light conditions but not in darkness

(Fig 1). The short-hypocotyl phenotype of cbf1 mutants in the light

was not due to delayed seed germination (Appendix Fig S1A). In

addition, the cotyledon areas of CBF1-OE lines were significantly

larger than those of Col, whereas cbf1 mutants did not display any

detectable changes in cotyledon areas (Appendix Fig S1B and C).
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Together, our data indicated that CBF1 promoted the growth of

hypocotyls in the light, while its role in regulating cotyledon expan-

sion needs to be further characterized.

In addition, we found that lines over-expressing CBF2 or CBF3

showed significantly shorter hypocotyls in darkness and all tested

light conditions (Appendix Fig S2). We reasoned that these pheno-

types may be caused by growth retardation due to overexpression

of CBFs, which was reported previously (Jaglo-Ottosen et al, 1998;

Kasuga et al, 1999; Gilmour et al, 2000, 2004; Achard et al, 2008).

The monogenic cbf2 and cbf3 mutants did not display any detect-

able photomorphogenic phenotypes except that the cbf2 mutants

developed longer hypocotyls under continuous blue light

(Appendix Fig S2). Therefore, we selected CBF1 for further

investigation. These observations also suggested that the three CBF

proteins may play distinct roles during plant growth and

development.

A B

Figure 1. CBF1 promotes Arabidopsis hypocotyl elongation in the light.

A Phenotypes of 4-day-old Col, two cbf1 mutants (cbf1-1 and cbf1-2), and two CBF1-OE lines (CBF1-myc and CBF1-flag) grown at 22°C in darkness (D) or continuous W,
R, FR, and B light. Scale bar = 1 mm.

B Hypocotyl lengths of Col, two cbf1 mutants, and two CBF1-OE lines grown at 22°C in D or continuous W, R, FR, and B light. Error bars represent SD from 20 seedlings.
*P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed t-test) for the indicated genotype compared with Col. NS, not significant.
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The transcript and protein levels of CBF1 are induced by light

We then investigated whether CBF1 expression was regulated by

light. We first examined CBF1 transcript levels in 4-day-old wild-

type (Col) seedlings grown at 22°C in darkness or continuous FR, R,

B, and W light by qRT–PCR. Our data indicated that CBF1 expres-

sion was elevated in light-grown relative to dark-grown seedlings,

especially in FR light under which CBF1 displayed the highest

expression (Fig 2A). Interestingly, our qRT–PCR data showed that

CBF2 and CBF3 expression was also regulated by light but in dif-

ferent patterns (Appendix Fig S3).

To understand whether light changes the spatial expression of

CBF1, we generated CBF1p:GUS lines in which GUS gene expres-

sion was driven by the native CBF1 promoter. The histochemical

staining results indicated that GUS was mainly expressed in cotyle-

dons and upper hypocotyls in both light and dark (Fig 2B). Consis-

tent with our qRT–PCR data, CBF1 was highly expressed in the

cotyledons under FR light (Fig 2A and B). To further confirm the

light-regulated expression of CBF1, we transferred 4-day-old dark-

grown wild-type (Col) seedlings to continuous FR, R, B, and W

light for 1–24 h. The materials were then harvested and subjected

to qRT–PCR assays. Our data showed that, indeed, the CBF1 tran-

script level was dramatically induced (up to 10- to 20-fold) under

different light conditions (Fig 2C). However, CBF1 expression was

rapidly induced by FR and W light (peaking at 3 h after transfer),

whereas it was induced relatively more slowly by R and B light

(peaking at 12 h after transfer; Fig 2C). Together, our data demon-

strated that CBF1 expression was induced by light.

Next, we asked whether CBF1 protein accumulation was also

regulated by light. We generated polyclonal anti-CBF1 antibodies,

but endogenous CBF1 proteins were hardly detectable from total

proteins of dark- or light-grown wild-type seedlings, possibly due to

the extremely low levels of CBF1 proteins in vivo. However, we

were able to detect endogenous CBF1 proteins in the nuclear frac-

tions prepared from wild-type (Col) seedlings grown under continu-

ous light using our anti-CBF1 antibodies (Fig 2D). In addition, our

immunoblots of total proteins extracted from 35S:CBF1-myc (abbre-

viated as CBF1-myc) seedlings showed that the pattern of CBF1-myc

protein accumulation was similar to that of nuclear CBF1 under the

tested conditions, i.e., CBF1 accumulated in the light but not in the

dark (Fig 2D and E). Therefore, we used CBF1-myc seedlings to

further investigate how light regulated the abundance of CBF1

proteins. Strikingly, after we transferred 4-day-old dark-grown

CBF1-myc seedlings to continuous W light, we detected CBF1 within

10 min after transfer (Fig 2F). CBF1 proteins continued to accumu-

late in W light, peaking at 2–3 h after transfer and then gradually

decreased after prolonged exposure to a low level at 24 h (Fig 2G).

Similar regulation of CBF1 was observed after CBF1-myc seedlings

were transferred to FR light (Fig 2H). However, delayed induction

of CBF1 was observed after exposure to R and B light, under which

CBF1 protein levels both peaked at 12 h after transfer (Fig 2I and J).

These data indicated that CBF1 protein levels were differentially

controlled in different light regimes. Notably, the induction patterns

of CBF1 proteins were similar to those of CBF1 transcripts upon

exposure to W, FR, R, and B light, respectively (Fig 2C). Collec-

tively, our data demonstrated that both CBF1 transcript and protein

levels were induced by light, but displayed distinct induction

patterns under varying light conditions.

CBF1 transcript and protein levels are induced by phyA and phyB
in R light

Due to the pivotal role of phytochromes in perceiving light signals

in plants, we next examined how CBF1 expression was regulated by

phyA and phyB. We grew wild-type (Col), phyA, phyB, and phyA

phyB mutant seedlings in continuous W and R light at 22°C for

4 days, and then examined the CBF1 transcript levels by qRT–PCR.

Our data showed that phyA and phyB played a minor role in regu-

lating CBF1 expression in W light; by contrast, CBF1 transcript levels

were drastically decreased in phyA, phyB, and phyA phyB mutants

in R light (Fig EV1A and B), indicating that phyA and phyB mediate

R light induction of CBF1 expression.

We then examined how phyA and phyB regulated the accumu-

lation of CBF1 proteins in the light. To this end, we introduced

phyA, phyB, and phyA phyB mutations into 35S:CBF1-myc, respec-

tively, by genetic crossing, and obtained lines homozygous for

the respective loci (Appendix Fig S4). We then grew CBF1-myc,

CBF1-myc phyA, CBF1-myc phyB, and CBF1-myc phyA phyB seed-

lings in the dark or continuous R or W light for 4 days. Our

immunoblot data indicated that the levels of 35S-driven CBF1-myc

decreased in the absence of phyA or phyB under these two light

conditions, especially in R light (Fig EV1C), suggesting that phyA

and phyB were involved in post-translational regulation of CBF1

protein stability in R and W light. Together, our data demon-

strated that both CBF1 transcript and protein levels were induced

by phyA and phyB in R light.

Genetic relationship between CBF1 and phyA/phyB

To investigate the genetic relationships between CBF1 and phyA/

phyB, we generated cbf1-1 phyA-211 and cbf1-1 phyB-9 double

mutants by crossing cbf1-1 with phyA-211 and phyB-9, respec-

tively. Genotyping data showed that the corresponding mutated

loci were homozygous in the respective double mutants

(Appendix Fig S5). The cbf1-1 phyA-211 mutants were grown at

22°C in continuous FR light together with Col, phyA-211, and

cbf1-1 for 4 days, and we observed that the hypocotyl lengths of

cbf1-1 phyA-211 mutant seedlings were shorter than those of

phyA, but longer than those of Col seedlings (Fig EV2A). The

cbf1-1 phyB-9 mutants were then grown at 22°C in continuous W

and R light for 4 days, and we also observed that cbf1-1 phyB-9

mutant seedlings also developed intermediate hypocotyl lengths

compared with Col and phyB mutant seedlings in both W and R

light (Fig EV2B). These observations indicated that CBF1 was

indispensable for the long-hypocotyl phenotypes of phyA-211

mutant seedlings in FR light and of phyB-9 mutant seedlings in W

and R light, respectively.

CBF1 interacts with phyA and phyB

Next, we asked whether CBF1 could physically interact with phyA

and phyB. We first performed in vitro pull-down assays to address

this question. His-tagged N-terminal chromophore-bearing photo-

sensory domains (designated N), PAS-related domains (PRD, desig-

nated C1) and histidine kinase-related domains (HKRD, designated

C2) of PHYA or PHYB (Appendix Fig S6), and GST-tagged CBF1

(designated as GST-CBF1) were expressed and purified from
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Escherichia coli. Our pull-down assays showed that GST-tagged

CBF1, but not GST alone, was able to pull down His-tagged C1

domains of both PHYA and PHYB in vitro (Fig 3A and B). His-

tagged N or C2 domains of both PHYA and PHYB were not pulled

down by GST-tagged CBF1 (Fig 3A and B). A parallel assay also

showed that GST-tagged C1 domains of both PHYA and PHYB, but

not other domains of PHYA or PHYB, or GST alone, were able to

pull down His-CBF1 in vitro (Appendix Fig S7). These data indicated

that CBF1 could interact with the PAS-related domains of both

PHYA and PHYB in vitro, and this interaction was not affected by

different fusion tags.

To verify the physical interaction between CBF1 and phyA in

planta, firefly luciferase complementation imaging (LCI) assays

(Chen et al, 2008) were performed by transiently expressing phyA-

nLuc and cLuc-CBF1 fusions in Nicotiana benthamiana leaf cells.

Our data showed that co-expression of phyA-nLuc and cLuc-CBF1

led to strong LUC activity, whereas phyA-nLuc or cLuc-CBF1 co-

transformed with control vectors showed only background levels of

LUC activity (Fig 3C). These observations support the conclusion

that CBF1 physically interacts with phyA in living plant cells. To

confirm the physical interaction between CBF1 and phyA in vivo,

we conducted co-immunoprecipitation (co-IP) assays using

4-day-old CBF1-myc seedlings grown at 22°C in continuous FR light.

To determine which form (Pr or Pfr) of phyA associated with CBF1

more strongly, total proteins were exposed to 5 min of R light (for

conversion of phytochromes to the Pfr form) or 5 min of R light

immediately followed by 5 min of FR light (for conversion back to

the Pr form). Our immunoblot data showed that phyA was co-

precipitated with anti-myc antibodies in CBF1-myc, but not in Col

seedlings (Fig 3D). Moreover, phyA was apparently co-precipitated

with CBF1-myc only after R light exposure (Fig 3D), indicating that

CBF1 preferentially interacted with the Pfr form of phyA in vivo. We

also grew the CBF1-myc seedlings at 22°C in continuous R for 4 days

and then conducted light pulse treatments followed by co-IP assays

to examine the in vivo association of CBF1 with phyB. Our results

showed that similar amounts of phyB were co-precipitated with

CBF1-myc after FR or FR + R light pulse treatments (Fig 3E), indi-

cating that CBF1 interacted with the Pr and Pfr forms of phyB with

similar affinity in vivo. Together, our data indicated that CBF1 inter-

acted with both phyA and phyB in vivo, but more selectively with

phyA than with phyB.

CBF1 positively regulates PIF4 and PIF5 expression by directly
binding to their promoters

To explore the potential genes CBF1 targets to regulate light signal-

ing, we examined the transcriptomes of 4-day-old Col, cbf1-1, and

CBF1-myc seedlings grown at 22°C under continuous W light by

RNA-sequencing (RNA-seq) analysis. The RNA-seq data were

collected from three independent biological experiments (each

sample with 2.0 G clean data) and differential gene expression anal-

ysis was performed using Cufflinks (Trapnell et al, 2013) (cuf-

flinks.cbcb.umd.edu). Our data revealed 1,948 and 1,093 genes,

respectively, in cbf1-1 and CBF1-myc seedlings whose expression

displayed statistically significant changes (using Student’s t-test with

P < 0.05 and fold change > 2; Fig EV3A and B). Further analyses

showed that a total of 360 genes exhibited at least twofold expres-

sion changes in both cbf1-1 and CBF1-myc seedlings (Fig EV3B).

Among these, PIF4 and PIF5, two key regulatory genes of the light

signaling pathway, were shown to be significantly regulated by

CBF1 (Dataset EV1). However, several other key regulatory genes of

the phytochrome signaling pathway, including PHYA, PHYB, PIF1,

PIF3, COP1, and HY5, did not display twofold expression changes in

RNA-seq in either cbf1-1 or CBF1-myc seedlings. We then performed

qRT–PCR assays to further validate the RNA-seq results, and our

data indicated that, indeed, the expression of PIF4 and PIF5 was

significantly induced by CBF1 (Fig EV3C). In addition, COP1 was

shown to be slightly induced by CBF1, whereas PIF1, PIF3, PHYA,

and PHYB were not evidently regulated by CBF1 in qRT–PCR assays

(Fig EV3C, Appendix Fig S8). Notably, our qRT–PCR data showed

that CBF1 regulation of PIF4 and PIF5 expression predominates in

the light relative to the dark (Fig EV3C, Appendix Fig S9).

It was interesting to notice that CBF1 could positively regulate

PIF4 and PIF5 expression in the light. We then asked whether CBF1

could directly bind to their promoters. Previous reports showed that

several AP2/ERF-family transcription factors could directly bind the

cis-elements, CRT/DRE (RCCGAC) and GCC (GCCGCC) (Stockinger

et al, 1997; Gilmour et al, 1998; Liu et al, 1998; Zhu et al, 2014; Shi

et al, 2018). Further analyses revealed the presence of a short

sequence (~ 20 bp) in both PIF4 and PIF5 promoters which contained

two consecutive motifs of either CRT/DRE or GCC (Fig EV3D and E).

To investigate whether CBF1 could directly bind to these motifs, we

performed electrophoretic mobility shift assays (EMSAs) using His-

◀ Figure 2. CBF1 transcript and protein levels are induced by light.

A qRT–PCR analysis showing the relative expression of CBF1 in 4-day-old wild-type (Col) seedlings grown at 22°C in darkness (D) or continuous W, R, FR,
and B light. Error bars represent SD of three technical replicates. Different letters represent significant differences by one-way ANOVA with Duncan’s post
hoc test (P < 0.05).

B GUS staining of 4-day-old homozygous CBF1p:GUS transgenic seedlings grown at 22°C in D or continuous W, R, FR, and B light. Scale bar = 1 mm.
C qRT–PCR data showing that CBF1 expression is induced by different light regimes. Wild-type (Col) seedlings were first grown at 22°C in D for 4 days and then

transferred to continuous W, FR, R, or B light for the indicated times ranging from 1 to 24 h. Error bars represent SD of three technical replicates. Different letters
represent significant differences by one-way ANOVA with Duncan’s post hoc test (P < 0.05).

D Immunoblots showing CBF1 protein levels in nuclear fractions from 4-day-old wild-type (Col) seedlings grown at 22°C in D or continuous W, R, FR, and B light.
E Immunoblots showing CBF1-myc protein levels in 4-day-old CBF1-myc seedlings grown at 22°C in D or continuous W, R, FR, and B light.
F, G Immunoblots showing the levels of CBF1-myc proteins after exposure to white light. CBF1-myc seedlings were first grown at 22°C for 4 days in D and then

transferred to continuous W light for the indicated time periods within 1 h (F) or ranging from 1 to 24 h (G).
H–J Immunoblots showing the levels of CBF1-myc proteins after exposure to FR (H), R (I) or B (J) light. CBF1-myc seedlings were first grown at 22°C for 4 days in D and

then transferred to continuous FR, R, or B light for the indicated time periods ranging from 1 to 24 h.

Data information: In (D), anti-H3 was used as a sample loading control. In (E–J), anti-HSP was used as a sample loading control. Numbers below the immunoblots indicate
the relative band intensities of CBF1 or CBF1-myc normalized to those of loading control, respectively. The ratio of the first clear band was set to 100 for each blot.
Source data are available online for this figure.
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tagged CBF1 proteins and biotin-labeled wild-type (WT) or mutant

probes. Our EMSA data showed that CBF1 was able to bind the WT

probes of both PIF4 and PIF5 promoters in vitro, whereas mutations

of the two consecutive motifs abolished CBF1 binding to these probes

(Fig EV3F), indicating that CBF1 bound to the CRT/DRE and GCC

motifs present in the PIF4 and PIF5 promoters.

To confirm that CBF1 bound the PIF4 and PIF5 promoters in vivo,

we performed chromatin immunoprecipitation (ChIP) assays using

4-day-old Col and CBF1-myc seedlings grown at 22°C in continuous

white light. Our qPCR data indicated that the amplicons of PIF4 and

PIF5 promoters, which included the CRT/DRE or GCC motifs, were

highly enriched in the anti-myc ChIP samples of CBF1-myc, but not

in those of Col seedlings, as compared with the enrichment of

exonic regions of PIF4 and PIF5 (Fig EV3G). These results indicated

that CBF1 bound to these PIF4 and PIF5 promoter fragments in vivo.

Collectively, our data demonstrated that CBF1 positively regulated

PIF4 and PIF5 expression by directly binding to their promoters.

CBF1 promotes PIF4 and PIF5 protein accumulation in the light

Next, we asked whether CBF1 regulated PIF4 and PIF5 protein

accumulation under different light regimes. We grew Col, two cbf1

mutants (cbf1-1 and cbf1-2), and CBF1-myc seedlings in darkness or

continuous W or R light at 22°C for 4 days, and then examined the

levels of PIF4 and PIF5 proteins by immunoblotting. Our data showed

that PIF4 and PIF5 protein levels were much lower in the cbf1

mutants in both continuous W and R light (Fig 4A), indicating that

CBF1 positively regulated PIF4 and PIF5 protein accumulation in the

light. By contrast, CBF1 did not appear to regulate PIF4 and PIF5

protein accumulation in darkness (Fig 4A). These observations were

consistent with our qRT–PCR data that CBF1 regulates PIF4 and PIF5

expression mainly in the light (Fig EV3C, Appendix Fig S9).

To further investigate whether CBF1 promotes hypocotyl elon-

gation in the light by positively regulating PIF4 and PIF5, we

crossed cbf1-1 with pif4 pif5 and obtained homozygous cbf1 pif4

pif5 triple mutants (Appendix Fig S10A–C). The cbf1 pif4 pif5

mutants were then grown together with Col, cbf1-1, and pif4 pif5

mutants in continuous W and R light at 22°C for 4 days. We

observed that the hypocotyl lengths of cbf1 pif4 pif5 mutants were

indistinguishable from those of pif4 pif5 in both W and R light

conditions (Fig 4B). These observations suggest that pif4 pif5

mutations are epistatic to cbf1 in regulating hypocotyl elongation

in the light, consistent with the conclusion that PIF4 and PIF5 were

downstream target genes of CBF1.

A

B

C

D E

Figure 3. CBF1 physically interacts with phyA and phyB.

A, B In vitro pull-down of PHYA-C1 (A) and PHYB-C1 (B) with CBF1. The His-tagged PHYA/B-N (photosensory domain), PHYA/B-C1 (PAS-related domain), and PHYA/B-C2
(histidine kinase-related domain) proteins pulled down with GST-tagged CBF1 or GST were detected by anti-His antibody. Input, 6% of the His-tagged purified
target proteins used in pull-down assays.

C LCI assays showing that CBF1 interacted with phyA in living plant cells. Representative picture is shown in the left panel, and relative luciferase activity is shown in
the right panel. Data are the means � SD of three independent biological repeats. Different letters represent significant differences by one-way ANOVA with
Duncan’s post hoc test (P < 0.05). Scale bar = 1 cm.

D, E Co-IP assays showing that CBF1 interacted with phyA (D) and phyB (E) in vivo. (D) Homozygous CBF1-myc seedlings were first grown at 22°C in continuous FR light
for 4 days, and then, the total proteins were extracted and subsequently treated with 5-min R light or 5-min R light followed by 5-min FR light (R + FR) before
immunoprecipitation. (E) Homozygous CBF1-myc seedlings were first grown at 22°C in continuous R light for 4 days, and then, the total proteins were extracted
and subsequently treated with 5-min FR light or 5-min FR light followed by 5-min R light (FR + R) before immunoprecipitation. After light treatments, total
proteins were incubated with anti-c-myc Affinity Gel (Sigma-Aldrich). The total and precipitated proteins were examined by immunoblotting using antibodies
against myc, phyA, phyB, and RPN6, respectively. The numbers below anti-phyA and anti-phyB blots indicate the relative band intensities of co-precipitated phyA
or phyB normalized to those of precipitated CBF1-myc, respectively. The ratio of the first clear band was set to 100 for each blot.

Source data are available online for this figure.
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We also crossed 35S:PIF4 into the cbf1-1 background

(Appendix Fig S10D) and grew 35S:PIF4 cbf1-1 and 35S:PIF4 seed-

lings in continuous W and R light at 22°C for 4 days. Interestingly,

we found that 35S:PIF4 cbf1 developed significantly shorter hypoco-

tyls than 35S:PIF4 seedlings in continuous W and R light (Fig 4B).

Consistent with this observation, whereas PIF4 levels were largely

similar in dark-grown 35S:PIF4 cbf1 and 35S:PIF4 seedlings, PIF4

proteins accumulated to lower levels in 35S:PIF4 cbf1 than in 35S:

PIF4 seedlings in continuous W and R light (Fig 4C), suggesting that

CBF1 promotes PIF4 protein abundance in the light in ways addi-

tional to transcriptional upregulation of PIF4 expression.

CBF1 inhibits phyB interaction with PIF4 and PIF5

The fact that 35S-driven PIF4 accumulated to lower levels in the

light in the absence of CBF1 led us to speculate that CBF1 may

promote PIF4 protein accumulation through post-translational

mechanisms as well. It was previously documented that phyto-

chrome interaction with PIFs induced their rapid turnover upon

light exposure (Bauer et al, 2004; Al-Sady et al, 2006; Shen et al,

2007, 2008; Bae & Choi, 2008; Lorrain et al, 2008; Leivar & Quail,

2011; Ni et al, 2013). We therefore asked whether CBF1 might regu-

late phyB interaction with PIF4 and PIF5. We first performed yeast

three-hybrid assays by adding the chromophore phycocyanobilin

(PCB) extracted from Spirulina to allow the phytochromes to form

Pr or Pfr forms in yeast cells after FR or R light pulse treatments,

respectively. Consistent with previous reports that PIF4 and PIF5

interacted with the Pfr form of phyB (Huq & Quail, 2002; Khanna

et al, 2004), our data indicated that AD-PIF4 and AD-PIF5 interacted

with phyB-BD in yeast cells predominantly after R light pulse treat-

ments (Fig 5A and B). Interestingly, when CBF1 was co-expressed

in yeast cells, the interactions between AD-PIF4/PIF5 and the Pfr

form of phyB-BD were dramatically decreased (Fig 5A and B).

Immunoblot data excluded the possibility that the decreased interac-

tions were due to lower levels of AD-PIF4/PIF5 or phyB-BD proteins

caused by co-expression of CBF1 in yeast cells (Appendix Fig S11).

These data demonstrated that CBF1 inhibited the interactions

between PIF4/PIF5 and the Pfr form of phyB in yeast cells.

To further confirm that CBF1 acts to disrupt the interactions

between phyB and PIF4/PIF5 in planta, we performed LCI assays to

detect interactions between PIF4-nLuc or PIF5-nLuc with cLuc-phyB

in tobacco leaves in the presence and absence of CBF1. Our LCI data

showed that both PIF4-nLuc and PIF5-nLuc interacted strongly with

cLuc-phyB, respectively, in tobacco leaves in the absence of CBF1;

in contrast, co-expression of CBF1 led to a drastic decrease in the

interactions of both PIF4-nLuc and PIF5-nLuc with cLuc-phyB

A

C

B

Figure 4. CBF1 promotes PIF4 and PIF5 protein accumulation in the light.

A Immunoblots showing the levels of PIF4 and PIF5 proteins at 22°C in 4-day-old Col, cbf1-1, cbf1-2, and CBF1-myc seedlings grown in darkness (D) or continuous W or
R light. Anti-RPN6 was used as a sample loading control.

B Phenotypes and hypocotyl lengths of 4-day-old Col, cbf1-1, pif4 pif5, cbf1 pif4 pif5, 35S:PIF4, and 35S:PIF4 cbf1 seedlings grown at 22°C in continuous W or R light.
Error bars represent SD from 20 seedlings. **P < 0.01 and ***P < 0.001 (two-tailed t-test) for the indicated pairs of seedlings. Scale bar = 1 mm. NS, not significant.

C Immunoblots showing the PIF4 protein levels in 4-day-old Col, 35S:PIF4, and 35S:PIF4 cbf1 seedlings grown at 22°C in D or continuous W or R light. Anti-RPN6 was
used as a sample loading control.

Data information: In (A) and (C), numbers below the immunoblots indicate the relative band intensities of PIF4 or PIF5 normalized to those of RPN6, respectively. The
ratio of the first clear band was set to 100 for each blot.
Source data are available online for this figure.
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A

B

E F

C

D

Figure 5. CBF1 inhibits phyB interaction with PIF4 and PIF5.

A, B Yeast three-hybrid assays showing that CBF1 represses the interaction of the Pfr-phyB with PIF4 (A) and PIF5 (B) in yeast cells. AD-PIF4, AD-PIF5, phyB-BD, and
CBF1 were expressed in the yeast strain Y190 as indicated. The b-galactosidase activities were measured by liquid culture assays using ONPG as the substrate.
Error bars represent SD of three independent yeast clones. Different letters represent significant differences by one-way ANOVA with Duncan’s post hoc test
(P < 0.05).

C, D LCI assays showing that CBF1 inhibits phyB interaction with PIF4 (C) and PIF5 (D) in plant cells. Representative picture is shown in the left panel, and relative
luciferase activity is shown in the right panel. Data are the means � SD of three independent biological repeats. Different letters represent significant differences
by one-way ANOVA with Duncan’s post hoc test (P < 0.05).

E, F Semi-in vivo pull-down assays showing that CBF1 inhibits phyB interaction with PIF4 (E) and PIF5 (F). The total proteins extracted from 4-day-old 35S:phyB-GFP
seedlings grown at 22°C in continuous R light served as the bait, and GST-PIF4 or GST-PIF5 fusion proteins served as the prey. Equivalent amounts of phyB-GFP
protein extract and GST-PIF4 or GST-PIF5 fusion proteins, and increasing amounts of His-CBF1 were added as indicated before anti-GFP IP assays were performed.
The pulled-down proteins were subjected to immunoblotting with antibodies against phyB, GST, and His, respectively. Numbers below the anti-GST blots indicate
the relative band intensities of co-precipitated GST-PIF4 or GST-PIF5 normalized to those of precipitated phyB-GFP, respectively. The ratio of the first clear band
was set to 100 for each blot.

Source data are available online for this figure.
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(Fig 5C and D). We also performed semi-in vivo pull-down assays

using GST-PIF4/PIF5 and His-CBF1 fusion proteins expressed in

E. coli, and total proteins extracted from 4-day-old phyB-GFP seed-

lings grown at 22°C in continuous R light. We first incubated GST-

PIF4 or GST-PIF5 with the protein extracts prepared from phyB-GFP

seedlings and then performed anti-GFP IP assays. Our immunoblot

data showed that GST-PIF4 and GST-PIF5 were indeed co-precipi-

tated with phyB-GFP (Fig 5E and F). However, when we added

increasing amounts of His-CBF1 fusion proteins to the IP assays, the

amounts of GST-PIF4 or GST-PIF5 co-precipitated with phyB-GFP

were progressively reduced (Fig 5E and F). Together, these data

indicated that CBF1 could inhibit phyB interaction with PIF4 and

PIF5. Therefore, our data demonstrated that CBF1 promoted PIF4

and PIF5 protein accumulation in the light through both transcrip-

tional and post-translational regulatory mechanisms.

CBF1 regulation of PIF4 and PIF5 protein abundance is
modulated by low temperatures

Because CBF1 was shown to play central roles in plant cold acclima-

tion (Jaglo-Ottosen et al, 1998; Liu et al, 2018; Shi et al, 2018; Ding

et al, 2019, 2020), we next asked whether CBF1-promoted hypo-

cotyl growth was regulated by low temperatures. Wild-type (Col),

two cbf1 mutants, and two CBF1-OE lines were germinated under

long day (LD; 16-h-light/8-h-dark photoperiod) conditions at 22°C

for 2 days, respectively, and then grown under LD conditions at

22°C, or at a lower temperature (17°C), or under cold stress (4°C),

for 6 more days. We observed that the hypocotyl growth of all mate-

rials was moderately inhibited at 17°C, but severely suppressed at

4°C (Fig 6A and B). After measuring the ratios of hypocotyl lengths

at 17°C versus 22°C for the respective genotypes, we found that

compared with Col, the two cbf1 mutants displayed increased sensi-

tivity, whereas the two CBF1-OE lines exhibited decreased sensitiv-

ity to hypocotyl growth inhibition at 17°C (Fig 6C). However, Col,

cbf1 mutants, and CBF1-OE lines displayed similar hypocotyl growth

inhibition at 4°C (Fig 6A and B). These data suggest that CBF1

attenuates the hypocotyl growth inhibition caused by the lower

temperature.

We then examined how CBF1-promoted PIF4 and PIF5 protein

accumulation was regulated by low temperatures. Our qRT–PCR

data showed that the transcript level of CBF1 was much higher

(~ 15- to 20-fold) in Col seedlings at 17°C than at 22°C, and even

higher at 4°C (Fig 6D). Interestingly, our immunoblot data indicated

that PIF4 proteins accumulated to higher levels in Col seedlings

grown at both 17 and 4°C than at 22°C (Fig 6E). However, the

levels of PIF4 proteins were comparable at 22°C and at 17°C in the

two cbf1 mutant seedlings (Fig 6E), indicating that CBF1 was

responsible for promoting PIF4 protein accumulation at 17°C. More-

over, we found that PIF4 proteins accumulated to similar levels in

cbf1 mutants and CBF1-OE lines at 4°C (Fig 6E), suggesting that

CBF1 may not be involved in regulating PIF4 protein accumulation

under cold stress. Similar patterns were also observed for CBF1

regulation of PIF5 protein abundance at 17 and 4°C (Fig 6F).

Together, our data demonstrated that CBF1 promoted PIF4/PIF5

protein accumulation and hypocotyl growth at 22°C and 17°C, but

not at 4°C, and that the role of CBF1 in promoting PIF4/PIF5

protein accumulation and hypocotyl growth was more prominent at

17°C than at 22°C.

Discussion

In this study, we showed that CBF1, a well-characterized pivotal

transcription factor regulating plant cold acclimation, promoted

hypocotyl elongation under ambient temperatures by positively

regulating PIF4 and PIF5 protein accumulation (Fig 7). Our immu-

noblots showed that the steady-state levels of endogenous PIF4 and

PIF5 proteins were higher in Col seedlings grown in continuous W

or R light compared with those in the dark (Fig 4A). Moreover, we

demonstrated that CBF1 activated PIF4 and PIF5 expression in the

light by directly binding to their promoters (Fig EV3) and that CBF1

enhanced the stability of PIF4 and PIF5 proteins by inhibiting their

interaction with phyB (Fig 5). Thus, CBF1 promotes PIF4 and PIF5

protein accumulation in the light through both transcriptional and

post-translational regulatory mechanisms (Fig 7). Notably, higher

accumulation of PIF4 in R than in darkness was also observed in a

recent study (Park et al, 2018). In addition, our data showed that

CBF1 protein was barely detectable in the dark, but CBF1 transcript

and protein levels were induced in the light, and interestingly, this

induction was mediated by phyA and phyB (Figs 2 and EV1). There-

fore, in the light, phytochromes repress hypocotyl growth by induc-

ing phosphorylation and degradation of PIF4 and PIF5 (Nozue et al,

2007; Shen et al, 2007; Lorrain et al, 2008); at the same time, phyto-

chromes induce CBF1 accumulation in the light, which in turn

promotes PIF4 and PIF5 protein accumulation (Fig 7). It seems

likely that this dual regulation of PIF4 and PIF5 by phytochromes

could prevent plants from over-responding to prolonged light expo-

sure.

Interestingly, our data indicated that CBF1 regulation of PIF4/

PIF5 protein abundance and hypocotyl growth was modulated by

temperatures, with a more prominent role at 17°C than at 22°C

(Fig 6). These observations are reminiscent of the fact that

Arabidopsis thaliana, both winter and summer annual ecotypes,

usually germinate and establish seedlings under relatively low ambi-

ent temperatures (spring for summer annuals and fall for winter

annuals) (Koornneef et al, 2004). We hypothesize that during the

dark-to-light transition upon seedlings’ emergence from soil, the

role of CBF1 may be to maintain proper hypocotyl growth under

low ambient temperatures. This may be essential for seedling estab-

lishment and vital for survival of plants in changing natural environ-

ments. In support of this hypothesis, studies of natural Arabidopsis

populations revealed that in contrast to the various frameshift muta-

tions or nonsynonymous substitutions found in CBF2 and CBF3,

almost no frameshift or premature stop codon has been found in

CBF1 (Kang et al, 2013; Monroe et al, 2016), suggesting a distinct

but pivotal role of CBF1 in plant survival under natural conditions.

Our genetic data showed that cbf1-1 phyB-9 double mutants

exhibited intermediate hypocotyl growth phenotypes compared to

those of individual single mutants in continuous W and R light

(Fig EV2). Similar phenotypes were also observed for cbf1-1

phyA-211 in FR light (Fig EV2). The phenotypes of these double

mutants might be explained as follows. Firstly, our immunoblots

showed that the level of PIF4 in cbf1-1 phyB-9 mutants was higher

than in Col, but lower than in phyB mutants in continuous W and R

light (Fig EV4A and B). PIF4 also accumulated in a similar pattern

in Col, phyA-211, and cbf1-1 phyA-211 mutants grown in continuous

FR light (Fig EV4C). Thus, the steady-state levels of endogenous

PIF4 proteins might partially explain the hypocotyl lengths of the
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respective seedlings grown in the light, considering the pivotal role

of PIF4 in integrating light and temperature control of hypocotyl

growth (Nusinow et al, 2011; Kumar et al, 2012; Sun et al, 2012;

Jung et al, 2016; Quint et al, 2016). Secondly, it was previously

reported that phyB pif4, phyB pif4 pif5 mutants and phyB pifq

mutants also displayed intermediate hypocotyl phenotypes under

high R/FR light (de Lucas et al, 2008; Lorrain et al, 2008; Leivar

et al, 2012). The phenotypes might be explained by the fact that

PIF4 and PIF5 have the intrinsic capacity to induce growth (Nozue

et al, 2007; Nusinow et al, 2011; Leivar et al, 2012; Leivar & Monte,

2014). Thus, similar phenotypes of light-grown cbf1 phyB, phyB

pif4, phyB pif4 pif5 and phyB pifq mutants further support our

conclusion that CBF1 enhances Arabidopsis hypocotyl growth in the

light by promoting PIF4 and PIF5 protein abundance.

Although it was well documented that the CBF proteins redun-

dantly regulate COR gene expression, distinct roles have also been

uncovered for individual CBF proteins. For instance, it was shown

that CBF2 negatively regulated the expression of CBF1 and CBF3 in

Arabidopsis (Novillo et al, 2004). In addition, comparison of indi-

vidual cbf single mutants revealed both overlapping and distinct

target genes regulated by each CBF protein (Jia et al, 2016; Zhao

et al, 2016; Shi et al, 2017), and motif enrichment analysis revealed

that more COR genes were direct targets of CBF2 and CBF3 than

CBF1 (Shi et al, 2017). Moreover, CBF2 and CBF3 may play more

critical roles in the adaptation of Arabidopsis natural populations to

different habitats (Alonso-Blanco et al, 2005; Kang et al, 2013;

Oakley et al, 2014; Gehan et al, 2015), while CBF1 may play a more

essential role in plant survival under natural conditions based on

A B C

E

F

D

Figure 6. CBF1 regulation of PIF4 and PIF5 protein abundance is modulated by low temperatures.

A Phenotypes of Col, two cbf1 mutants (cbf1-1 and cbf1-2), and two CBF1-OE lines (CBF1-myc and CBF1-flag) grown under LD conditions at 22°C, 17°C and 4°C,
respectively. The seeds of different genotypes were germinated under LD (16-h-light/8-h-dark photoperiod) conditions at 22°C for 2 days, respectively, and then
grown under LD conditions at 22°C, 17°C, or 4°C, for additional 6 days. Scale bar = 1 mm.

B Hypocotyl lengths of Col, two cbf1 mutants (cbf1-1 and cbf1-2), and two CBF1-OE lines (CBF1-myc and CBF1-flag) grown under LD conditions at 22°C, 17°C, or 4°C.
Error bars represent SD from 10 seedlings. ***P < 0.001 (two-tailed t-test) for the indicated genotype compared with Col. NS, not significant.

C The ratios of hypocotyl lengths at 17°C versus 22°C for the indicated seedlings grown under LD conditions. Error bars represent SD from 10 seedlings. ***P < 0.001
(two-tailed t-test) for the indicated genotype compared with Col.

D qRT–PCR assays showing the CBF1 transcript levels in Col seedlings grown under LD conditions at 22°C, 17°C, and 4°C. Col seeds were germinated under LD
conditions at 22°C for 2 days and then grown under LD conditions at 22°C, 17°C, or 4°C for additional 6 days. The samples were collected at ZT8 and then
subjected to qRT–PCR assays. Error bars represent SD of three technical replicates. Different letters represent significant differences by one-way ANOVA with
Duncan’s post hoc test (P < 0.05).

E, F Immunoblots showing the protein levels of PIF4 (E) and PIF5 (F) in Col, cbf1-1, cbf1-2, and CBF1-myc seedlings grown under LD conditions at 22°C, 17°C, and 4°C.
The seeds of different genotypes were germinated under LD conditions at 22°C for 2 days and then grown under LD conditions at 22°C, 17°C, or 4°C for additional
6 days. The samples were collected at ZT20 and then subjected to immunoblotting. Anti-RPN6 was used as a sample loading control. The asterisk in (F) indicates a
band that cross-reacted with the anti-PIF5 antibody. Numbers below the immunoblots indicate the relative band intensities of PIF4 or PIF5 normalized to those of
loading control, respectively. The ratio of the first band was set to 100 for each blot.

Source data are available online for this figure.
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the fact that almost no frameshift or premature stop codons have

been found in CBF1 (Kang et al, 2013; Monroe et al, 2016). In our

study, we observed that the cbf1 mutants displayed shorter hypoco-

tyls, whereas the CBF1-OE lines exhibited longer hypocotyls in all

tested light conditions but not in darkness (Fig 1); by contrast, both

CBF2 and CBF3-OE lines showed significant growth retardation in

darkness and all light conditions, whereas their single mutants

displayed no detectable photomorphogenic phenotypes except that

the cbf2 mutants grew longer hypocotyls under blue light

(Appendix Fig S2). Our data thus strongly suggest that CBF1 may

have evolved distinct roles in regulating plant growth and develop-

ment compared with CBF2 and CBF3.

It was well documented that the CBF genes were rapidly and

dramatically induced by low temperatures (Gilmour et al, 1998;

Medina et al, 1999; Vogel et al, 2005; Jiang et al, 2017; Liu et al,

2018; Shi et al, 2018). In this study, our data showed that CBF1 tran-

script level was also rapidly induced by light (Fig 2C). However, it

should be noted that the induction levels of CBF1 by light and cold

signals are very different: ~ 10- to 20-fold induction by light

(Fig 2C), compared to > 1,000-fold induction by cold (Jiang et al,

2017). Although the transcription factors involved in cold induction

of CBF genes have been extensively studied (Liu et al, 2018; Shi

et al, 2018), the molecular mechanisms underlying light induction

of CBF1 remain currently obscure. Notably, CBF1 expression rapidly

declined after reaching the peak under cold (Jiang et al, 2017) or

light treatment (Fig 2C), indicating that CBF1 expression is

subjected to strict control by cold and light signals. Interestingly,

PIF3, PIF4, and PIF7 were shown to directly bind to the CBF gene

promoters and repress their expression under low temperatures

(Kidokoro et al, 2009; Lee & Thomashow, 2012; Jiang et al, 2017).

Thus, it seems that CBF1 and PIFs form a negative feedback loop

where CBF1 activates PIFs but PIFs repress CBF1. It will be fascinat-

ing to explore how this regulatory loop is modulated under different

temperatures.

Interestingly, the levels of 35S-driven CBF1 decreased to simi-

lar levels in phyA, phyB, and phyA phyB mutants in continuous

W and R light (Fig EV1C), suggesting that phyA and phyB play

nonredundant and similarly important roles in post-translational

regulation of CBF1 in the light. The fact that CBF1 interacted with

only the Pfr form of phyA but with both Pfr and Pr forms of

phyB (Fig 3D and E) suggested that CBF1 interacted more selec-

tively with phyA than with phyB in vivo. It will be interesting to

investigate whether CBF1 might also regulate the protein stability

of PIF1 and PIF3, both of which specifically interacted with the

Pfr form of phyA as well (Shimizu-Sato et al, 2002; Shen et al,

2008). In addition, COP1 expression was shown to be moderately

modulated by CBF1 (Appendix Fig S8). Considering the important

roles of COP1 in photomorphogenesis (Lau & Deng, 2012), ther-

momorphogenesis (Delker et al, 2014; Hayes et al, 2017; Park

et al, 2017), and cold stress responses (Catalá et al, 2011), the

relationship between COP1 and CBF1 under ambient or low

temperatures needs to be further characterized. Moreover, given

the recent finding that phyB is a thermosensor of ambient

temperature (Jung et al, 2016; Legris et al, 2016; Casal & Balasub-

ramanian, 2019), and that PIF4 acts as a central regulator of

plant thermomorphogenesis (Koini et al, 2009; Kumar et al, 2012;

Quint et al, 2016), it will be intriguing to investigate whether

CBF1 is also involved in regulating plant thermomorphogenesis.

Our data showed that CBF1 may not significantly regulate PIF4

and PIF5 protein accumulation at 4�C, although CBF1 expression

was strongly induced under this temperature (Fig 6). These observa-

tions reflect the complexity of integration mechanisms of light and

temperatures. In addition, it should be noted that the steady-state

levels of endogenous PIF4 and PIF5 proteins after prolonged light or

temperature treatments were examined in our study, and the

patterns may be different from those observed after short light or

temperature treatments. For example, PIF4 and PIF5 were shown to

be rapidly degraded upon R light exposure (Nozue et al, 2007; Shen

et al, 2007; Lorrain et al, 2008), while our data (Fig 4A and C) and

those in a previous study (Park et al, 2018) indicated that the

steady-state levels of PIF4 and PIF5 proteins were higher in contin-

uous W or R light compared to those in the dark. Together, our

Figure 7. A working model depicting that CBF1 promotes hypocotyl elongation under ambient temperatures by positively regulating PIF4 and PIF5 protein
accumulation in the light.

Under ambient temperatures, CBF1 transcript and protein levels are induced by phyA and phyB in the light. CBF1 promotes PIF4 and PIF5 protein accumulation in the light by
directly binding to PIF4 and PIF5 promoters to induce their expression, and by inhibiting phyB interaction with PIF4 and PIF5. Thus, CBF1 promotes hypocotyl elongation
under ambient temperatures by positively regulating PIF4 and PIF5 protein accumulation in the light through transcriptional and post-translational mechanisms. Lower
levels of PIF4 and PIF5 proteins accumulate in the cbf1 mutants in the light; therefore, cbf1 mutants develop shorter hypocotyls under light conditions.
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study uncovers an important role of CBF1 in regulating hypocotyl

growth under ambient temperatures, thus providing new insights

into the tight but complex integration of light and temperature

signaling pathways in plants.

Materials and Methods

Plant materials and growth conditions

The wild-type A. thaliana ecotype used in this study was Columbia

(Col), unless otherwise indicated. The phyA-211 (Reed et al, 1994),

phyB-9 (Reed et al, 1993), phyA-211 phyB-9 (Li et al, 2011), pif4-2

(Leivar et al, 2008a) and pif5-3 (Khanna et al, 2007), pif4-101 pif5-1

(de Lucas et al, 2008), cbf1-1 (originally named cbf1 in Zhao et al,

2016), cbf1-2 (originally named cbf1 in Shi et al, 2017), cbf2-1 (Zhao

et al, 2016), cbf2-2 (Zhao et al, 2016), cbf3-1 (originally named cbf3

in Shi et al, 2017), cbf3-2 (originally named cbf3 in Zhao et al,

2016), 35S:PIF4 (Huq & Quail, 2002), and 35S:CBF1-myc, 35S:CBF2-

myc, and 35S:CBF3-myc (Liu et al, 2017) were in the Col background

and have been described previously. The cbf1 pif4 pif5, 35S:PIF4

cbf1, CBF1-myc phyA-211, CBF1-myc phyB-9, and CBF1-myc phyA-

211 phyB-9 mutants were generated by genetic crosses. The growth

conditions and light sources were as described previously (Zhang

et al, 2018). The fluence rates of the light growth chambers (Perci-

val Scientific) were 10 lmol m�2 s�1 for continuous white light,

10 lmol m�2 s�1 for continuous far-red light, 20 lmol m�2 s�1 for

continuous red light, and 5 lmol m�2 s�1 for continuous blue light,

and 25 lmol m�2 s�1 for white light under long day (16-h-light/8-h-

dark photoperiod) conditions.

Plasmid construction and generation of transgenic
Arabidopsis plants

The PHYB-BD construct was described previously (Zhang et al,

2018). To generate the AD-PIF4 and AD-PIF5 constructs, the full-

length coding sequences of PIF4 and PIF5 were amplified by PCR

using the respective primer pairs shown in Appendix Table S1 and

then cloned into the EcoRI-XhoI sites of the pGADT7 vector (Clon-

tech). To express CBF1 protein in yeast three-hybrid assays, the

multiple cloning sites of the pRS423 vector (Christianson et al,

1992) were first modified using the primer pair shown in

Appendix Table S1 to generate the pRS423-JL vector. Next, the full-

length coding sequence of CBF1 was amplified by PCR using the

primers shown in Appendix Table S1 and cloned into the SacII-SacI

sites of the pRS423-JL vector.

To generate the constructs expressing GST-PHYA-N, GST-PHYA-C1,

and GST-PHYA-C2, the corresponding amplicons were cloned into

the BamHI-SalI sites of the pGEX-4T-1 (Amersham Biosciences)

vector, respectively. To generate the constructs expressing GST-

PHYB-N, GST-PHYB-C1, and GST-PHYB-C2, the corresponding

amplicons were cloned into the EcoRI-NotI (for GST-PHYB-N),

BamHI-NotI (for GST-PHYB-C1), or BamHI-XhoI (for GST-PHYB-C2)

sites of the pGEX-4T-1 vector, respectively. To generate the

construct expressing GST-CBF1, the amplicon was cloned into the

BamHI-EcoRI sites of the pGEX-4T-1 vector.

To generate the constructs expressing His-PHYA-N, His-PHYA-

C1, and His-PHYA-C2, the corresponding amplicons were cloned

into the BamHI-SalI sites of the pET28a (Novagen) vector, respec-

tively. To generate the constructs expressing His-PHYB-N, His-

PHYB-C1, and His-PHYB-C2, the corresponding amplicons were

cloned into the EcoRI-NotI (for His-PHYB-N), BamHI-NotI (for His-

PHYB-C1), or BamHI-XhoI (for His-PHYB-C2) sites of the pET28a

vector, respectively. To generate the construct expressing His-CBF1,

the amplicon was cloned into the EcoRI-XhoI sites of the pET28a

vector.

To generate cLuc-CBF1, the full-length coding sequence of CBF1

was cloned into the KpnI-BamHI sites of the 35S:cLuc vector (Chen

et al, 2008). To generate phyA-nLuc, the full-length coding sequence

of PHYA was cloned into the BamHI-SalI sites of the 35S:nLuc vector

(Chen et al, 2008). To generate PIF4-nLuc and PIF5-nLuc, the PIF4

and PIF5 amplicons were cloned into the KpnI-SalI sites of the 35S:

nLuc vector (Chen et al, 2008), respectively. To generate cLuc-

PHYB, the PHYB amplicon was cloned into the KpnI site of the 35S:

cLuc vector (Chen et al, 2008). To generate the 35S:CBF1-GFP

construct, the CBF1 amplicon was cloned into the HindIII-SalI sites

of the pCAMBIA1300-GFP vector (Li et al, 2017).

To generate the CBF1p:GUS constructs, the 1.8-kb promoter frag-

ment of CBF1 was amplified by PCR using the primers shown in

Appendix Table S1 and then cloned into the EcoRI and BamHI sites

of the pCAMBIA1381 vector.

To generate the 35S:CBF1-flag construct, the full-length coding

sequence of CBF1 was amplified by PCR using the primers shown in

Appendix Table S1 and then cloned into the XbaI and KpnI sites of

the pK7FWG2 vector.

To generate various transgenic plants, the corresponding

constructs were first transformed into Agrobacterium tumefaciens

(strain GV3101) and then into Arabidopsis plants (Col) by the floral

dip method (Clough & Bent, 1998).

All of the primers used to generate the constructs mentioned

above are listed in Appendix Table S1, and all of the constructs were

confirmed by sequencing prior to usage in various assays. Trans-

genic plants were selected on MS plates in the presence of antibi-

otics, and homozygous transgenic plants were used in the various

assays.

Quantitative RT–PCR (qRT–PCR)

Total RNA was extracted from Arabidopsis seedlings using RNeasy

Plant Mini Kits (Tiangen), followed by reverse transcription using

RevertAid First Strand cDNA Synthesis Kits (Thermo Fisher Scien-

tific) according to the manufacturers’ instructions. Real-time PCR

was performed using gene-specific primers and PowerUp SYBR

Green PCR Master Mix (Thermo Fisher Scientific). qPCR was

performed in triplicate for each sample, and the relative expression

levels were normalized to that of a tubulin3 gene. The primers used

for qRT–PCR are listed in Appendix Table S1.

GUS staining

CBF1p:GUS transgenic seedlings homozygous for a single copy of

the reporter gene were screened as described previously (Wang

et al, 2019). Homozygous CBF1p:GUS seedlings were grown in dark-

ness or continuous white, red, far-red, and blue light for 4 days, and

then subjected to GUS staining assays. GUS activity analysis was

performed as described previously (Jefferson et al, 1987).

ª 2020 The Authors The EMBO Journal 39: e103630 | 2020 13 of 18

Xiaojing Dong et al The EMBO Journal



Immunoblotting

For anti-myc, anti-phyA, and anti-phyB immunoblots, total proteins

were extracted as described previously (Zhou et al, 2018). Briefly,

Arabidopsis seedlings were homogenized in extraction buffer

containing 50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 150 mM NaCl,

1 mM EDTA, 10 mM NaF, 25 mM beta-glycerophosphate, 2 mM

sodium orthovanadate, 10% (w/v) glycerol, 0.1% (w/v) Tween 20,

1 mM PMSF, 1× MG132, and 1× EDTA-free complete protease inhi-

bitor cocktail (Roche). Protein concentration was measured by the

Bradford’s assay using Bradford assay reagent (Bio-Rad), and then,

equal amounts of total proteins for each sample were boiled with

6 × SDS loading buffer for 15 min.

For anti-PIF4 and anti-PIF5 immunoblots, total proteins were

extracted as described previously (Qiu et al, 2017). Briefly,

Arabidopsis seedlings were ground in extraction buffer consisting

of 100 mM Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, pH

8.0, 5% SDS, 20% (w/v) glycerol, 20 mM DTT, 40 mM b-mercap-

toethanol, 2 mM PMSF, 1× EDTA-free complete protease inhibitor

cocktail (Roche), 80 lM MG132 (Sigma), 80 lM MG115 (Sigma),

1% phosphatase inhibitor cocktail (Sigma), and 10 mM N-ethyl-

maleimide. Samples were immediately boiled 10 min and then

centrifuged for 10 min at 13,000 g at room temperature. Proteins

from the supernatants were used in the subsequent immunoblot

assays.

Immunoblotting was performed as previously described (Li et al,

2010). Primary antibodies used in this study include anti-GST

(Sigma-Aldrich), anti-His (Sigma-Aldrich), anti-phyA (Zhang et al,

2018), anti-myc (Mei5 Biotechnology), anti-PIF4 (Agrisera), anti-

PIF5 (Agrisera), anti-RPN6 (Zhou et al, 2018), anti-HSP (Beijing

Protein Innovation), and anti-H3 (Abcam) antibodies.

The anti-CBF1 polyclonal and anti-phyB monoclonal antibodies

were made by Beijing Protein Innovation Co, Ltd. (BPI). For

generating anti-CBF1 polyclonal antibodies, 6 × His-tagged CBF1

fusion proteins were first expressed in E. coli and then purified

and used as antigens to immunize rabbits for production of

polyclonal antisera. For generating anti-phyB monoclonal antibod-

ies, His-phyB-C2 (900-1172) proteins expressed in E. coli were

used as antigens in mouse to generate the anti-phyB monoclonal

antibodies.

Nuclear protein extraction

Nuclear isolation was performed as described previously (Hetzel

et al, 2016). Briefly, 1 g of 4-day-old wild-type (Col) Arabidopsis

seedlings grown in darkness or under different light regimes were

ground to a fine powder in liquid nitrogen, thawed in 2 ml of pre-

cooled (4°C) grinding buffer (20 mM Tris–HCl, pH 8.0, 35% glyc-

erol, 0.2% Triton X-100, 5 mM KCl, 5 mM MgCl2, 300 mM sucrose,

and 5 mM b-mercaptoethanol), and filtered twice through a double

layer of Miracloth (Merck Millipore). The flow-through was spun at

5,000 g for 10 min at 4°C, and the pellet, containing the nuclear

fraction, was washed four times with 1 ml of grinding buffer and

centrifuged at 5,000 g for 10 min at 4°C. The pellet was resuspended

in 80 ll of pre-cooled lysis buffer (10 mM EDTA, pH 8.0, 50 mM

Tris–HCl, pH 8.0, and 1% SDS). The final nuclear pellet was resus-

pended in 6× SDS loading buffer and subjected to immunoblotting.

Anti-H3 was used as a nuclear marker.

Co-IP

For Co-IP experiments, homozygous CBF1-myc transgenic seedlings

were first grown in FR or R light for 4 days and then harvested and

homogenized in 2 ml of protein extraction buffer and centrifuged

twice at 12,000 g for 15 min at 4°C. Then, the extracts were equally

divided into two parts and treated with the indicated combinations

of R/FR light pulses. Of the 1 ml of supernatant for each sample,

100 ll was reserved as total, and the remainder was incubated with

anti-c-myc Affinity Gel (Sigma-Aldrich) for 2 h at 4°C. The beads

were then washed three times with protein extraction buffer, and

the immunoprecipitated proteins were analyzed by immunoblotting.

In vitro pull-down assays

For in vitro binding, 2.5 lg of purified recombinant bait

proteins (GST-phyA-N, GST-phyA-C1, GST-phyA-C2, GST-phyB-N,

GST-phyB-C1, GST-phyB-C2, or GST) and 2.5 lg of prey proteins

(6 × His-CBF1) were added to 500 ll of binding buffer containing

50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 0.2% glycerol, and 0.6%

Triton X-100. After incubation at 4°C for 2 h, Glutathione Sepharose

4B beads (GE Healthcare) were added and incubated for another 2 h.

After washing six times with binding buffer, pulled-down proteins

were eluted in 2× SDS loading buffer at 95°C for 15 min, separated

on 10% SDS–PAGE gels, and detected by immunoblotting.

LCI assays

Transient LCI assays in tobacco (Nicotiana benthamiana) were

performed as described previously (Chen et al, 2008). Briefly,

A. tumefaciens (strain GV3101) bacteria containing indicated combi-

nations of constructs were infiltrated into young but fully expanded

leaves of 7-week-old tobacco plants using a needle-less syringe. After

infiltration, plants were grown under 16-h-light/8-h-dark for 2 days.

Before imaging, the abaxial sides of leaves were sprayed with 1 mM

luciferin, and a CCD camera (1300B; Roper) was used to capture the

LUC signal at �110°C with 10-min exposures.

Transcriptome analyses

Total RNA was extracted using the same procedure as for qRT–PCR

analysis. Sequencing was performed using the Illumina HiSeq 2000

platform, and the resulting reads were mapped to the reference

genome of A. thaliana (TAIR10) with TopHat (Kim et al, 2013;

http://tophat.cbcb.umd.edu). Transcript expression was evaluated

by cuffdiff (Trapnell et al, 2013; http://cufflinks.cbcb.umd.edu),

and transcript abundance was estimated as fragments per kilobase

of exon model per million mapped fragments (FPKM). Differentially

expressed genes were selected using Student’s t-test with P < 0.05

and fold change > 2.

ChIP

Wild-type (Col) and CBF1-myc seedlings grown 4 days under contin-

uous white light were used for ChIP assays following the procedure

described previously (Lee et al, 2007). Briefly, 4 g of seedlings were

first cross-linked with 1% formaldehyde under vacuum to cross-link

the protein–DNA complexes. The samples were ground to powder
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in liquid nitrogen, and the chromatin complexes were isolated and

sonicated, and then incubated with anti-c-myc Affinity Gel. The

precipitated DNA was recovered and analyzed by real-time qPCR

using the respective primer pairs listed in Appendix Table S1. PCRs

were performed in triplicate for each sample, and the ChIP values

were normalized to their respective DNA input values.

EMSAs

EMSAs were performed using biotin-labeled probes and the Light-

Shift Chemiluminescent EMSA Kit (Thermo Fisher) according to the

manufacturer’s instructions with minor modifications. Briefly, 2 lg
of purified 6 × His-CBF1 proteins were incubated together with

biotin-labeled probes in 20 ll reaction buffer. The binding reactions

were allowed to proceed at 25°C for 20 min in a thermal cycler

(Bio-Rad) and then separated on 6% native polyacrylamide gels in

TBE buffer. The sequences of the complementary oligonucleotides

used to generate the biotin-labeled probes are shown in

Appendix Table S1.

Yeast three-hybrid assays

For yeast three-hybrid assays, the combinations of constructs to

express bait (phyB-BD), prey (AD-PIF4 or AD-PIF5), and CBF1

proteins were co-transformed into Y190 yeast cells, and the transfor-

mants were selected on SD/-Trp-Leu-His agar plates. The yeast

cultures were cultivated overnight in SD/-Trp-Leu-His liquid

medium supplemented with 2% glucose, and then, 0.5 ml of the

overnight cultures were transferred into 1.5 ml liquid SD/-Trp-Leu-

His medium supplemented with 25 lM PCB, 2% Galactose, and 1%

Raffinose, and cultured with shaking in darkness for 6 h. The yeast

cultures were then irradiated with 5-min R or 5-min R immediately

followed by 5-min FR light (R + FR) treatment and incubated for

2 h. Then, for each sample, 0.5 ml of yeast cultures were trans-

ferred into 0.5 ml of liquid SD/-Trp-Leu-His medium supplemented

with 10 lM PCB, 2% Galactose, and 1% Raffinose, then exposed to

R or R + FR light treatments again, and incubated for another 2 h.

Yeast transformation was conducted as described in the Yeast Proto-

cols Handbook (Clontech), and the liquid assays using ONPG as

substrate were performed as described previously (Sheerin et al,

2015; Zhou et al, 2018).

Semi-in vivo pull-down assays

The phyB-GFP seedlings grown in continuous R light for 4 days

were used to extract the protein with extraction buffer containing

1 mM EDTA, 150 mM NaCl, 50 mM Tris–HCl (pH 7.5), 10 mM

MgCl2, 0.1% NP-40, 1× MG132, 1 mM PMSF, and 1× EDTA-free

protease inhibitor cocktail. Binding reactions were performed by

adding equivalent amounts of phyB-GFP protein extract, GST-PIF4

or GST-PIF5, and GFP-trap beads (ChromoTek), and different

amounts of His-CBF1 in 1 ml of 1 × PBS buffer containing 137 mM

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4. The reac-

tion mixtures were incubated at 4°C for 3 h, and then, the beads

were washed six times with 1 ml of 1× PBS buffer containing 0.1%

NP-40. The pulled-down proteins were eluted in 2× SDS loading

buffer at 95°C for 15 min, separated on 8% SDS–PAGE gels, and

detected by immunoblotting.

Quantification and statistical analysis

Protein quantification and statistical analysis were conducted as

described previously (Qi et al, 2020). Protein quantification was

performed using ImageJ. Student’s t-tests were performed in Micro-

soft Excel. ANOVAs were performed with SPSS statistical software.

Different letters represent statistical significances determined by

one-way ANOVA (P < 0.05), and levels that are not significantly dif-

ferent are indicated with the same letter.

Data availability

The RNA-sequencing data from this publication have been depos-

ited to the Sequence Read Archive database (https://www.ncbi.nlm.

nih.gov/sra/) and assigned the accession number PRJNA608253.

Expanded View for this article is available online.
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