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ABSTRACT

Growth inhibition and cold-acclimation strategies help plants withstand cold stress, which adversely af-

fects growth and survival. PHYTOCHROME B (phyB) regulates plant growth through perceiving both light

and ambient temperature signals. However, the mechanism by which phyBmediates the plant response to

cold stress remains elusive. Here, we show that the key transcription factorsmediating cold acclimation, C-

REPEAT BINDING FACTORs (CBFs), interact with PHYTOCHROME-INTERACTING FACTOR 3 (PIF3) under

cold stress, thus attenuating the mutually assured destruction of PIF3–phyB. Cold-stabilized phyB acts

downstream of CBFs to positively regulate freezing tolerance by modulating the expression of stress-

responsive and growth-related genes. Consistent with this, phyB mutants exhibited a freezing-sensitive

phenotype, whereas phyB-overexpression transgenic plants displayed enhanced freezing tolerance.

Further analysis showed that the PIF1, PIF4, and PIF5 proteins, all of which negatively regulate plant

freezing tolerance, were destabilized by cold stress in a phytochrome-dependent manner. Collectively,

our study reveals that CBFs–PIF3–phyB serves as an important regulatory module for modulating plant

response to cold stress.
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INTRODUCTION

Low temperature is a major environmental factor adversely

affecting plant growth and development. Plants have evolved

elaborate regulatory mechanisms that allow them to adapt to

environmental temperature changes, one of which is cold accli-

mation, whereby plants from temperate regions exhibit increased

freezing tolerance after exposure to low, non-freezing tempera-

tures (Thomashow, 1999; Shi et al., 2018). The transcription

factors C-REPEAT BINDING FACTORs/DROUGHT RESPONSE

ELEMENT BINDING FACTOR 1s (CBFs/DREB1s) play crucial

roles in cold acclimation (Thomashow, 1999; Jia et al., 2016;

Zhao et al., 2016; Liu et al., 2018). Upon induction by cold

stress, CBFs activate a set of COLD-REGULATED (COR)

genes, some of which encode cryoprotective proteins or

enzymes involved in osmolyte biosynthesis or reactive oxygen
894 Molecular Plant 13, 894–906, June 2020 ª The Author 2020.
species scavenging, finally leading to increased freezing

tolerance (Guy et al., 1987; Jaglo-Ottosen et al., 1998; Liu et al.,

1998).

In addition to providing energy for photosynthesis, light also func-

tions as a key environmental cue that regulates multiple facets of

plant growth and development (Rockwell et al., 2006; Jiao et al.,

2007). Phytochromes (phyA to phyE) are photoreceptors that

perceive red and far-red wavelengths through the conversion of

the biologically inactive Pr form to the active Pfr form (Rockwell

et al., 2006). Photoactivated phytochromes are rapidly

translocated from the cytoplasm to the nucleus, where they

directly interact with the BASIC HELIX-LOOP-HELIX (bHLH)
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transcription factors PHYTOCHROME-INTERACTING FACTORs

(PIFs) (Leivar and Quail, 2011). This interaction promotes rapid

phosphorylation and 26S proteasome pathway-mediated degra-

dation of PIFs, thereby modulating the expression of PIF target

genes to initiate phytochrome-mediated light responses (Al-

Sady et al., 2006; Shen et al., 2007, 2008; Bae and Choi, 2008;

Lorrain et al., 2008). Interestingly, the interaction of photoactive

Pfr-phyB and PIF3 also induces the concomitant and relatively

slow degradation of the phyB photoreceptor in response to

long-term light exposure (Al-Sady et al., 2008; Ni et al., 2013,

2014; Leivar and Monte, 2014). This PIF3–phyB feedback

regulation loop likely prevents unfettered prolongation of

elevated phyB activity, which would severely limit plant growth

and development.

Emerging evidence indicates that light and temperature

signaling are tightly linked (Casal and Questa, 2018; Lu et al.,

2019; Ding et al., 2020). The key component of light signaling,

PIF4, is a central regulator of plant thermomorphogenesis and

regulates warm temperature-induced hypocotyl and petiole

growth, leaf hyponasty, and flowering (Koini et al., 2009;

Kumar et al., 2012; Lau et al., 2018). Interestingly, the

photoreceptor phyB was proved to be a thermosensor in

plants (Jung et al., 2016; Legris et al., 2016). Increases in

ambient temperature promote the dark reversion of phyB from

the Pfr to Pr form, resulting in PIF4 accumulation and

consequent hypocotyl elongation (Jung et al., 2016; Legris

et al., 2016). Furthermore, phyB directly associates with the

promoters of key target genes in a temperature-dependent

manner (Jung et al., 2016). A recent study showed that phyB

also perceives daytime temperature through a transcriptional

activator, HEMERA, which interacts with PIF4 to induce the

expression of PIF4 target genes and PIF4 accumulation at

warm temperatures (Qiu et al., 2019).

In addition to regulating thermomorphogenesis, several light-

signaling components were shown to modulate freezing toler-

ance and help plants better adapt to harsh environmental con-

ditions. Phytochromes are essential for the full development of

cold acclimation in Arabidopsis thaliana (Crosatti et al., 1999;

Kim et al., 2002; Soitamo et al., 2008). Furthermore, a low

ratio of red to far-red (R/FR) light derepresses circadian-gated

CBF transcription and increases COR expression at 16�C
(Franklin and Whitelam, 2007), suggesting a negative role of

phyB in modulating CBF expression. In addition, CBF gene

expression is repressed by phyB, PIF4, and PIF7 under long-

day (LD) conditions (Lee and Thomashow, 2012). PIF3 was

recently shown to negatively regulate the CBF pathway by

directly binding to the CBF promoters (Jiang et al., 2017).

Although the roles of light-signaling components in regulating

plant freezing tolerance have been extensively studied, it

remains unclear how the light-signaling components are

regulated by cold stress.

In this report, we demonstrate that cold-induced CBF proteins

interact with PIF3, which inhibits the co-degradation of PIF3

and phyB under cold stress. Further study indicated that cold-

stabilized phyB promotes the degradation of PIF1, PIF4, and

PIF5, and consequently increases freezing tolerance. Together,

these findings reveal that cold-induced CBFs stabilize the phyB

thermosensor to enhance plant freezing tolerance.
RESULTS

CBFs Interact with and Stabilize PIF3 under Cold Stress

We previously showed that PIF3 negatively regulates freezing

tolerance by repressing the expression of CBF genes (Jiang

et al., 2017). Since cold stress induces the accumulation of

CBFs and inhibits light-induced degradation of PIF3 (Jiang

et al., 2017), we asked whether CBFs could stabilize PIF3 via

a feedback mechanism under cold conditions. To test this

hypothesis, we first performed an in vitro pull-down assay to

examine whether CBFs could physically interact with PIF3. We

found that His-tagged PIF3 interacted with maltose-binding

protein (MBP)-His-tagged CBF1, CBF2, and CBF3, but not

with MBP-His alone (Figure 1A; Supplemental Figure 1A and

1B), suggesting that CBF proteins physically interact with PIF3

in vitro.

Co-immunoprecipitation (Co-IP) assays were then performed us-

ing Arabidopsis protoplasts co-transformed with Super:PIF3-

Myc and 35S:HA-FLAG-CBF1, 35S:HA-FLAG-CBF2, 35S:HA-

FLAG-CBF3, or HA-FLAG, and strong interactions between

CBFs and PIF3 were detected in plants (Figure 1B;

Supplemental Figure 1C and 1D). Luciferase complementation

imaging (LCI) assays also showed that CBFs were associated

with PIF3 in planta when PIF3-nLuc was co-expressed with

CBF1-, CBF2-, or CBF3-cLuc in Nicotiana benthamiana leaves

(Figure 1C and Supplemental Figure 1E). By contrast, no

interactions between CBF1 and PIF1, PIF4, or PIF5 were

observed in either pull-down or LCI assays (Supplemental

Figure 1F and 1G). These data indicate that CBFs specifically

interact with PIF3 in vitro and in vivo.

Previous studies showed that CBF protein abundance was

dramatically induced within several hours after cold treatment

(Liu et al., 2017; Ding et al., 2018). Therefore, we examined how

the interaction of PIF3 and CBF1 was regulated by different

temperatures using the 35S:PIF3-His-Myc CBF1:CBF1-Myc

transgenic plants. As expected, the CBF1–PIF3 interaction was

barely detected when CBF1 levels were very low before cold

treatment. After 6 h of cold treatment, when accumulation of

CBF1 drastically increased, the interaction was strikingly

enhanced (Figure 1D). Collectively, these results demonstrate

that CBFs interact with PIF3 in planta under cold conditions.

To explore the biological relevance of the CBF–PIF3 interactions

under cold stress, we first determined whether CBFs could affect

the DNA-binding activity of PIF3 by performing a chromatin

immunoprecipitation (ChIP)–PCR assay using 35S:PIF3-Myc

plants. Our data showed that the binding affinity of PIF3 to the

CBF gene promoters was not altered before or after cold treat-

ment (Supplemental Figure 2A–2C). We next examined PIF3

protein abundance in PIF3-Myc and PIF3-Myc cbfs (where cbfs

refers to the cbf1,2,3 triple mutant) plants grown under

LD conditions followed by transfer to 4�C at zeitgeber time 3

(ZT3; i.e., 3 h after dawn) for different times. We found that PIF3

levels in PIF3-Myc transgenic plants remained stable at 4�C
(Figure 1E), consistent with a previous report (Jiang et al.,

2017). However, PIF3 abundance was markedly reduced in

PIF3-Myc cbfs plants after cold treatment (Figure 1E).

Combined with the observation that PIF3 expression was not

obviously affected by CBFs under both normal and cold
Molecular Plant 13, 894–906, June 2020 ª The Author 2020. 895



Figure 1. PIF3 Interacts with CBF1 In Vitro and In Vivo.
(A) Pull-down assay showing the interaction between His-PIF3 and MBP-His-CBF1 in vitro. Purified His-PIF3 fusion proteins were incubated with

maltose-binding protein (MBP)-His-CBF1 or MBP-His alone, and pull-down assays were performed using MBP agarose beads, followed by immunoblot

analysis with anti-MBP and anti-His antibodies.

(B) Co-IP assay showing the interaction between PIF3 and CBF1 proteins in vivo. Arabidopsis mesophyll protoplasts were co-transformed with Su-

per:PIF3-Myc and 35S:HA-FLAG-CBF1 (HF-CBF1) or 35S:HA-FLAG (HF). Protoplasts were incubated at 22�C for 14 h in darkness. Total protein extracts

were immunoprecipitated with HA Sepharose beads. Crude lysate proteins (input) and immunoprecipitated proteins (right panels) were detected using

anti-HA and anti-Myc antibodies.

(C) Luciferase complementation imaging (LCI) assay showing the interaction between PIF3 and CBF1 in N. benthamiana leaves. CBF1-cLuc/PIF3-nLuc,

CBF1-cLuc/GUS-nLuc, and GUS-cLuc/PIF3-nLuc were co-expressed in N. benthamiana leaves for 48 h. GUS-nLuc and GUS-cLuc were used as

negative controls.

(D)Co-IP assays showing that PIF3 and CBF1 interact under cold treatment. TheCBF1:CBF1-Myc and PIF3-His-Myc CBF1:CBF1-Myc transgenic plants

were grown for 12 days and then transferred to 4�C for 6 h. Total protein extracts were immunoprecipitated with His agarose beads. Crude lysate proteins

(input) and immunoprecipitated proteins (right panels) were detected with anti-His and anti-Myc antibodies.

(E) The Stability of PIF3 protein in 35S:PIF3-His-Myc and 35S:PIF3-His-Myc cbfs plants under cold treatment. Twelve-day-old seedlings grown under LD

conditions were transferred to 4�C at ZT3 (3 h after dawn) for the indicated period. Total proteins were extracted and subjected to immunoblot analysis

with anti-Myc or anti-actin antibodies. The immunoblot results were quantified using ImageJ software. PIF3 protein levels were normalized to the actin

loading control. The relative protein levels are shown below the blots, where relative protein level at 0 h was set to 1.0. Quantitative data are shown as the

mean of three biological replicates ±SEM.
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conditions (Supplemental Figure 2D), these results indicate that

CBFs interact with PIF3 and enhance its stability under cold

stress.
CBFs Suppress phyB Degradation under Cold Stress

It was previously shown that light-induced degradation of PIF3 is

necessary for its co-degradation with phyB via feedback regula-

tion (Ni et al., 2013, 2014). Therefore, we tested whether cold-

stabilized PIF3 could affect phyB protein stability. Compared

with that at 22�C under LD conditions, the stability of the phyB

protein was increased after cold treatment under both white-

and red-light conditions (Figure 2A and Supplemental
896 Molecular Plant 13, 894–906, June 2020 ª The Author 2020.
Figure 3A). Moreover, cell-fractionation assays revealed

substantial accumulation of phyB in the nucleus at 4�C
(Figure 2B and Supplemental Figure 3B). We further observed

that in PIF3-Myc overexpression transgenic plants under both

white- and red-light LD conditions, light-induced degradation of

phyB and PIF3 at 22�C was also suppressed at 4�C (Figure 2C

and Supplemental Figure 3C). Along with the observation that

phyB expression slightly decreased at 4�C (Supplemental

Figure 2E), we conclude from these results that the co-

degradation of PIF3 and phyB is inhibited by low temperature.

As CBFs interact with and stabilize PIF3 under cold conditions,

we hypothesized that their interactions may also affect the



Figure 2. Cold-Induced CBFs Attenuate the
PIF3-Mediated Feedback Regulation of
phyB.
(A and B) Stability of phyB (A) and nuclear-

localized phyB (B) proteins in wild-type plants

under normal and cold conditions.

(C and D) Stability of phyB and PIF3 proteins in

PIF3-Myc (C) and PIF3-Myc cbfs (D) plants under

normal and cold conditions.

(E) Stability of phyB proteins in cbfs and cbfs pif3-

1 mutants under cold conditions.

Twelve-day-old seedlings grown under LD con-

ditions were transferred to 4�C at ZT3 or main-

tained at 22�C for the indicated periods. Total

proteins were extracted and subjected to immu-

noblot analysis with anti-Myc, anti-phyB, or anti-

actin antibodies. The immunoblot results were

quantified using ImageJ software. PIF3 and phyB

protein levels were normalized to the actin loading

control. The relative protein levels are shown

below the blots, where relative protein level at 0 h

was set to 1.0. Quantitative data are shown as

means of three biological replicates ±SEM.
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stability of phyB. To test this hypothesis, we examined the

phyB protein levels in PIF3-Myc cbfs plants before and after

cold treatment. Compared with the levels in PIF3-Myc plants

(Figure 2C), the levels of phyB and PIF3 proteins in PIF3-Myc

cbfs plants were dramatically reduced after cold treatment

(Figure 2D). We then examined the phyB levels in the wild

type (Columbia [Col]) and cbfs and cbfs pif3-1 mutants under

cold stress. We found that the phyB protein remained stable

in Col but was notably degraded in the cbfs triple

mutant after cold treatment. However, its degradation was

largely abolished in the cbfs pif3-1 mutant (Figure 2E). These

results indicate that CBF-mediated stabilization of PIF3

compromises the degradation of phyB.
Molecular Plant 13, 8
Previous studies showed that light-induced

phosphorylation of PIF3 mediates the co-

degradation of PIF3 and phyB through the

recruitment of LRBs (Light-Response Bric-

a-brack/Tramtrack/Broad) (Ni et al., 2013,

2014). Our data indicated that light-

induced phosphorylation of PIF3 was

reduced under cold stress (Supplemental

Figure 3D) and that cold-induced CBFs

had little, if any, effect on the interaction of

PIF3 and phyB (Supplemental Figure 3E).

Taken together, these data suggest that

CBFs interact with PIF3 and stabilize phyB

by attenuating PIF3–phyB co-degradation

under cold stress.

phyB Positively Regulates Freezing
Tolerance

As phyB was shown to be a thermosensor in

Arabidopsis (Jung et al., 2016; Legris et al.,

2016), we next sought to determine the

role of phyB in regulating plant freezing

tolerance. The phyB loss-of-function mutant

exhibited impaired freezing tolerancewith or
without cold acclimation (Figure 3A–3C). The ion leakage of the

phyB mutant was much higher than that of the wild type

(Figure 3D and 3E), indicating that the plasma membrane

damage caused by cold stress is more severe in the phyB

mutant. Conversely, transgenic plants overexpressing phyB

showed enhanced freezing tolerance compared with wild type

under both non-acclimated and cold-acclimated conditions,

accompanied by a higher survival rate and lower ion leakage

(Figure 3A–3E). Given that phyB is a red-light photoreceptor,

we then examined the freezing tolerance of the phyB mutant

and overexpression plants supplied with only red light in LD

conditions. Similar to the observations under white-light

conditions, the phyB mutant exhibited decreased freezing
94–906, June 2020 ª The Author 2020. 897



Figure 3. phyB Positively Regulates Plant
Freezing Tolerance.
(A–E) Freezing phenotypes (A), survival rates (B

and C), and ion leakage (D and E) of 12-day-old

phyB mutants and phyB-overexpression plants.

The seedlings were grown under a 16-h-white light/

8-h-dark photoperiod (LD) at 22�C and either

directly exposed to freezing treatment (non-accli-

mated, NA), or treated at 4�C for 3 days before

freezing treatment (cold-acclimated, CA). Repre-

sentative photographs were taken after a 3-day

recovery period, survival rates were calculated,

and the ion leakagewasmeasured. Data aremeans

of three biological replicates ±SEM. Lowercase

letters indicate statistically significant differences

based on one-way ANOVA with Tukey’s HSD post

hoc analysis.
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tolerance, whereas phyB-overexpression plants showed

enhanced freezing tolerance under red LD conditions with or

without cold acclimation (Supplemental Figure 4A and 4B).

These results suggest that phyB positively regulates basal and

acquired freezing tolerance of Arabidopsis under both white-

and red-light conditions.

To further assess the roles of phyB in the cold stress response,

we performed an RNA-sequencing (RNA-seq) analysis using

wild-type (Col) and phyB mutant plants before (0 h) and after

cold treatment (3 h and 24 h) and then compared their transcrip-

tomes. RNA-seq analysis revealed that 329 genes were upregu-

lated (phyB-repressed genes) and 306 genes were downregu-

lated (phyB-activated genes) in the phyB mutant (fold change

R2; P < 0.05) (Supplemental Figure 5A and 5B; Supplemental

Tables 1, 2, and 3). Gene ontology (GO) analysis showed that

the 211 phyB-activated genes (0 h) and 169 phyB-activated

COR genes (3 h and 24 h) were primarily involved in the re-

sponses to abiotic stresses, biotic stimulus, and flavonoid

metabolic processes, whereas the 163 phyB-repressed genes

and the 209 phyB-repressed COR genes were mostly enriched

in the categories of responses to auxin, auxin-activated

signaling pathway, developmental processes, signaling trans-

duction, and regulation of growth (Supplemental Figure 5C

and 5D). These data suggest that phyB positively regulates

freezing tolerance possibly through modulating the expression

of stress- and growth-related genes.
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CBFs Positively Regulate Freezing
Tolerance Partially through phyB

To further explore the genetic relationship be-

tween CBFs and phyB, we generated phyB

CBF1:CBF1-Myc transgenic plants by genetic

crossing of phyB mutant and CBF1:CBF1-

Myc transgenic plants (Jia et al., 2016). The

expression of CBF1 and its target genes,

including COR47, RD29A, and KIN1, was

slightly upregulated in two independent

CBF1:CBF1-Myc transgenic lines under

cold treatment (Supplemental Figure 6A),

suggesting that these transgenic plants

represent weak CBF1-overexpression lines.
Consistent with this, CBF1:CBF1-Myc transgenic plants showed

a more freezing-tolerant phenotype with a higher survival rate

and lower ion leakage than the wild typewith or without cold accli-

mation (Figure 4A–4C). Non-acclimated phyB CBF1:CBF1-Myc

plants largely phenocopied the phyB single mutants. Cold-

acclimated phyB CBF1:CBF1-Myc plants were slightly but signif-

icantly more tolerant to freezing than phyB, but much more sensi-

tive to freezing than CBF1:CBF1-Myc plants (Figure 4A–4C).

These results suggest that phyB partially contributes to CBF1-

mediated freezing tolerance in plants.

To define the role of CBFs in regulating the phyB signaling

pathway, we asked how many CBF-regulated COR genes were

also regulated by phyB. By comparing our list of phyB-

regulated COR genes with those of CBF-regulated COR genes

identified in a previous study (Zhao et al., 2016), we observed

that about 20% of CBF-activated COR genes were downregu-

lated whereas 30% of CBF-repressed COR genes were upregu-

lated in phyB mutants after cold treatment (fold change R1.65)

(Supplemental Figure 6B; Supplemental Tables 4 and 5). It

appears that most of these misregulated genes are indirectly

regulated by CBFs, because half of them lack CBF-recognized

CRT/DRE cis elements in their promoters (Supplemental

Tables 4 and 5).

We then performed quantitative PCR assays to further verify

the expression of several selected CBF-induced COR genes



Figure 4. phyB Acts Downstream of CBF1 to Regulate the Expression of COR Genes and Plant Freezing Tolerance.
(A–C) Freezing phenotypes (A), survival rates (B), and ion leakage assays (C) of 12-day-old phyB, CBF1:CBF1-Myc (#3), and phyB CBF1:CBF1-Myc (#3)

plants. Data are the means of three biological replicates ±SEM. Lowercase letters indicate statistically significant differences based on one-way ANOVA

with Tukey’s HSD post hoc analysis.

(D) BZS1, RGL3, and ZAT10 expression in phyB, CBF1:CBF1-Myc, and CBF1:CBF1-Myc phyB plants. Twelve-day-old seedlings grown under LD

conditionswere transferred to 4�C for 24 h at ZT3 and subjected to quantitative PCR analysis. Actin was used as a normalization control. Gene expression

in untreated wild-type Col was normalized to 1.0. Data are means of three biological replicates ±SD. Lowercase letters indicate statistical significance

based on one-way ANOVA with Tukey’s HSD post hoc analysis.
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that were downregulated in the phyB mutant, BZS1, RGL3,

and ZAT10, all of which are involved in phytohormone-

modulated photomorphogenesis and freezing tolerance

(Achard et al., 2008; Fan et al., 2012; Park et al., 2015; Zhao

et al., 2016). Under normal temperatures, the basal

transcript levels of BZS1, RGL3, and ZAT10 were lower in

the phyB mutant and higher in CBF1:CBF1-Myc plants than

in the wild type. Moreover, cold induction of BZS1, RGL3,

and ZAT10 transcript levels was decreased in the phyB

mutant but increased in CBF1:CBF1-Myc transgenic plants

(Figure 4D). phyB CBF1:CBF1-Myc plants phenocopied the

phyB mutant in terms of BZS1, RGL3, and ZAT10 expression

with or without cold treatment (Figure 4D). Together, these

results indicate that CBF1 acts upstream of phyB in

regulating freezing tolerance and the expression of a set of

COR genes.
phyB Promotes the Degradation of PIF1, PIF4, and PIF5
under Cold Stress to Increase Plant Freezing Tolerance

It is well documented that phytochromes induce rapid phos-

phorylation and consequent degradation of the PIF1, PIF4,

and PIF5 proteins in response to light at warm temperatures

(Leivar and Quail, 2011). Moreover, PIF4 was shown to

directly repress CBF genes under cold stress (Lee and

Thomashow, 2012). Thus, the freezing hypersensitivity of the

phyB mutant might result from an increase in PIF

abundance. Next, we examined whether the levels of the

PIF1, PIF4, and PIF5 proteins under cold stress are also

regulated by phyB. Transgenic plants overexpressing PIF1-

Myc, PIF4-Myc, and PIF5-HA grown under LD conditions

were maintained at 22�C or transferred to 4�C at ZT3 for

different times. Our immunoblot data showed that the PIF1,

PIF4, and PIF5 proteins were stable at 22�C but were
Molecular Plant 13, 894–906, June 2020 ª The Author 2020. 899



Figure 5. Cold Stress Promotes the Phyto-
chrome-dependent Degradation of PIF1,
PIF4, and PIF5.
(A–C) Stability of PIF1 (A), PIF4 (B), and PIF5 (C)

proteins in PIF-overexpressing plants in wild-type

and phyA phyB mutant backgrounds under cold

treatment as described in Figure 3. Quantitative

data are shown as means of three biological

replicates ±SEM.
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degraded gradually after cold treatment (Figure 5A–5C and

Supplemental Figure 7A–7C). By contrast, the degradation of

the PIF1, PIF4, and PIF5 proteins was largely inhibited when

the plants were transferred to darkness at 4�C (Supplemental

Figure 7D�7F). Consistent with these results, cold-induced

degradation of these three PIFs under light was fully sup-

pressed in the phyA phyB mutant (Figure 5A–5C). These

results indicate that cold stress negatively regulates the

stability of the PIF1, PIF4, and PIF5 proteins in a

phytochrome-dependent manner. In addition, the expression

of PIF1, PIF4, and PIF5 in the wild-type plants was also down-

regulated by cold stress, but independently of phyA or phyB

(Supplemental Figure 7G).

We then examined the freezing tolerance of the pif1, pif4, and

pif5 single mutants, as well as the pif1 pif3 pif4 pif5 (pifq)

quadruple mutant. The pif4, pif5, and pifq mutants exhibited

increased survival rates and reduced ion leakage compared

with the wild type with or without cold acclimation, with pif4

and pifq mutants showing a phenotype similar to that of pif5

but with higher freezing tolerance (Figure 6A�6C). The pif1

mutant showed no obvious freezing phenotype when

compared with the wild type (Supplemental Figure 7H). By

contrast, transgenic plants overexpressing PIF1, PIF4, or PIF5

showed impaired freezing tolerance and increased ion leakage

after freezing treatment (Figure 6D�6F). These results further

indicate that PIF1, PIF4, and PIF5 are negative regulators of

plant freezing tolerance, with PIF4 playing a more prominent

role than PIF1 and PIF5.

To explore the genetic interaction between phyB and PIFs, we

compared the freezing tolerance phenotypes of the phyB, pifq,
900 Molecular Plant 13, 894–906, June 2020 ª The Author 2020.
and phyB pifq mutants. The freezing-

sensitive phenotype of the phyB mutant

was partially compromised in the pifq

mutant background (Figure 7A–7C). This

observation is consistent with previous

findings that hypocotyls of phyB pifq

mutant seedlings are of intermediate

length compared with those of Col and

phyB mutants under both continuous white

and red light (Leivar et al., 2008; Lorrain

et al., 2008), which might be explained by

a mutually negative regulatory loop

between phyB and PIFs (Leivar et al.,

2008). Interestingly, downregulation of

BZS1 and ZAT10 expression in the phyB

mutant was almost fully rescued in the pifq

mutant background before and after cold

treatment (Figure 7D). These data together
suggest that phyB promotes the degradation of the PIF1, PIF4,

and PIF5 proteins under cold stress, thereby enhancing

Arabidopsis freezing tolerance.

DISCUSSION

Previous studies have demonstrated the roles of PIF3, PIF4, and

PIF7 in repressing the expression of CBF genes, which encode

the key transcription factors positively regulating cold acclima-

tion (Lee and Thomashow, 2012; Jiang et al., 2017). In this

study, we demonstrate an intricate molecular link between PIF3

and CBFs, the master transcription regulators in the light- and

cold-signaling pathways, respectively. On one hand, PIFs

directly repress CBF genes at low temperatures, which

presumably helps plants avoid an excessive cold response and

growth retardation. On the other hand, cold-induced CBF pro-

teins relieve this repression by interacting with PIF3 and repres-

sing the co-degradation of the PIF3–phyB module (Figure 7E).

This feedback regulatory mechanism likely fine-tunes cold

signaling, allowing plants to withstand cold environments.

Accumulating evidence indicates that CBFs are transcriptional

activators of COR genes (Stockinger et al., 1997; Liu et al.,

1998; Jia et al., 2016; Zhao et al., 2016). In this study, we

uncover a new biological function of CBFs as molecular

partners of PIF3. Several interacting partners have been

reported for PIF3 in previous studies. It was shown that DELLA

proteins interact with PIF3 and PIF4 and coordinate hypocotyl

elongation (de Lucas et al., 2008; Feng et al., 2008). HY5 and

PIF1/3 directly interact with each other and antagonistically

regulate the expression of reactive oxygen species-responsive

genes upon light irradiation (Chen et al., 2013). TIMING OF CAB
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EXPRESSION1 (TOC1), an essential component of the circadian

clock system, interacts with the PIFs and represses their

transcriptional activity, thereby regulating diverse downstream

morphogenic responses (Soy et al., 2016). Intriguingly, we show

that CBF1 modulates PIF3 protein abundance, rather than its

transcript level or transcriptional activity (Figure 2 and

Supplemental Figure 2). This finding provides a framework for

future studies aiming to understand how CBFs function as a

node that integrates cold response and other physiological

processes important for optimal plant fitness.

Recent studies showed that phyB senses ambient temperature

changes through conversion from the inactive Pr form to the

active Pfr form (Jung et al., 2016; Legris et al., 2016). In this

study, we demonstrate that the phyB mutant shows decreased

basal and acquired freezing tolerance under both white- and

red-light conditions (Figure 3 and Supplemental Figure 4).

Furthermore, cold stabilized phyB promotes the degradation of

PIF1, PIF4 and PIF5, all of which negatively regulate plant

freezing tolerance . Thus, this study expands our understanding

of the predominant role of phyB in adaptation to environmental

temperature variation. Notably, it was previously shown that

COR15a expression was repressed by phyB in high R/FR light

at 16�C under a 12-h photoperiod (Franklin and Whitelam,

2007), and that phyB suppresses the expression of CBF genes

and their target genes, COR15a and GolS3, at 22�C under LD

conditions, thereby negatively regulating basal freezing

tolerance (Lee and Thomashow, 2012). The discrepancy in the

basal freezing tolerance of the phyB mutant between studies is

possibly due to differences in the experimental conditions

(seedling age, growth in soil versus plates, and freezing

measurement methods). In our current study, we indeed

observed that phyB negatively regulates the expression of

CBFs and COR15a at 22�C under LD conditions; however, the

repression of CBFs and COR15a by phyB was fully abolished

after a 4�C cold treatment (Supplemental Figure 8B). These

observations prompted us to hypothesize that the impaired

freezing tolerance of the phyB mutant might not be due to

decreased expression of CBFs and COR15a. Consistent with

this notion, our RNA-seq analysis indicated that phyB regulates

freezing tolerance possibly through other stress- and growth-

related genes such as ZAT10, RGL3, and BZS1 (Achard et al.,

2008; Fan et al., 2012; Park et al., 2015) (Supplemental Figure 5

and Supplemental Tables 1, 2, 3, 4, and 5). Moreover, the

repression of these genes in the phyB mutant was almost

completely released by mutations of four PIFs (Figure 7). These

data strongly suggest that phyB–PIF signaling regulates both

basal and acquired freezing tolerance through mediating the

expression of a set of stress- and growth-related genes.

A previous study reported that under LD conditions the transcript

levels and protein stabilities of PIF4 and PIF7 are higher

compared with those under short-day conditions , and that they

directly repress the expression of CBF genes and freezing toler-

ance (Lee and Thomashow, 2012). In this study, we established

that both gene expression and protein stability of PIF1, PIF4,

and PIF5 were downregulated by cold stress (Figure 5 and

Supplemental Figure 7). In agreement with these results, PIF4

and PIF5 were found to negatively regulate freezing tolerance in

Arabidopsis (Figure 6). By contrast, although PIF3 was also

shown to negatively regulate freezing tolerance, its protein
stability is enhanced by cold stress (Jiang et al., 2017). These

findings suggest that PIF3 plays a distinct role in plants’

response to cold stress. Indeed, in this study we showed that

PIF3, but not PIF1, PIF4, or PIF5 interacts with CBFs under

cold stress (Figure 1 and Supplemental Figure 1); this

interaction promotes the stability of phyB, thereby resulting in

the degradation of the PIF1, PIF4, and PIF5 proteins and

increased freezing tolerance (Figures 5 and 6). These findings,

combined with the central role of PIF4 in thermomorphogenesis

(Koini et al., 2009; Kumar et al., 2012), suggest that plants

adapt to environmental temperature changes by utilizing the

diverse functions of different PIFs.

While we demonstrated that the interaction between CBFs and

PIF3 stabilizes the PIF3–phyB module under cold conditions,

the underlying mechanism still remains unclear. Photoregulatory

protein kinases (PPKs) were shown to be responsible for

photoactivated-phy-induced phosphorylation of PIF3 (Ni et al.,

2017). Given that light-induced phosphorylation of PIF3 was

reduced during cold stress and that cold-induced CBFs had a

limited effect on the interaction of PIF3 and phyB

(Supplemental Figure 3), future studies should examine whether

the interaction of CBFs and PIF3 under cold stress affects the

phosphorylation of PIF3 by PPKs or the interaction of PIF3 with

LRBs. In addition, the F-box proteins EBF1 and EBF2 were

shown to directly mediate PIF3 degradation through the 26S

proteasome pathway, and cold induces the ubiquitin-mediated

degradation of EBF1 and EBF2 (Dong et al., 2017; Jiang et al.,

2017). Considering the earlier evidence showing that phyB

physically associates with EBF1 and EBF2 and enhances the

substrate–E3 ligase interactions in a light-dependent manner to

directly control the stability of EIN3 at warm temperatures (Shi

et al., 2016), it will be interesting to investigate whether EBF1

and EBF2 are involved in the CBF-mediated stabilization of

PIF3 and phyB.

To summarize, our study defines CBFs as PIF3-interacting part-

ners that stabilize the PIF3–phyB module and provides genetic

and molecular evidence that the CBFs–PIF3 module acts as a

molecular hub to integrate the cold- and phytochrome-

mediated light-signaling networks, allowing plants to better adapt

to cold environmental conditions.
METHODS

Plant Materials and Growth Conditions

A. thaliana seeds were sterilized in 10% sodium hypochlorite solution

and washed at least five times, then grown on half-strength Murashige

and Skoog medium (Sigma-Aldrich) containing 0.8% agar and 1.5% su-

crose under a 16-h-light/8-h-dark LD photoperiod. phyB (phyB-9) (Reed

et al., 1993), phyA phyB (Strasser et al., 2010), pif1 (pif1-1) (Leivar et al.,

2008), pif3-1 (Ni et al., 2013), pif4 (pif4-2) (Leivar et al., 2008), pif5 (pif5-3)

(Leivar et al., 2008), pifq (Leivar et al., 2008), cbfs (Jia et al., 2016),

CBF1:CBF1-Myc (Jia et al., 2016), 35S:PIF1-Myc (Dong et al., 2014),

35S:PIF3-Myc (PIF3-His-Myc) (Park et al., 2004), 35S:PIF4-Myc

(Sakuraba et al., 2014), 35S:PIF5-HA (Shen et al., 2007), and

35S:phyB-GFP (Medzihradszky et al., 2013; Yue et al., 2016) were

used in this study.

For plants grown in cool white light generated by a fluorescent light bulb

(Philips), the intensity of white light was 60–80 mmol m�2 s�1, and the

composition of white light was UV (0.40%), blue light (20.5%), green light
Molecular Plant 13, 894–906, June 2020 ª The Author 2020. 901



Figure 6. PIF1, PIF4, and PIF5 Negatively Regulate Plant Freezing Tolerance.
(A–F) Freezing phenotypes (A and D), survival rates (B and E), and ion leakage (C and F) of 12-day-old plants. Data are the means of three biological

replicates ±SEM. Lowercase letters indicate statistically significant differences based on one-way ANOVA with Tukey’s HSD post hoc analysis.
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(41.3%), red light (34.1%), and near infrared (3.7%). For plants grown in

red light, the intensity was 20–25 mmol m�2 s�1.

Freezing Tolerance and Electrolyte Leakage Assays

Freezing tolerance assays were performed as described previously (Shi

et al., 2012). For cold-acclimation treatment, seedlings were first grown

at 22�C under 60–80 mmol m�2 s�1 cool white fluorescent illumination for

12 days, transferred to 4�C under 10–15 mmol m�2 s�1 cool white

fluorescent illumination for 3 days, and then transferred to a freezing

chamber (RuMED4001) for freezing assays, which were conducted as

follows. Seedlings were maintained at 0�C for 1 h and temperatures

were then dropped by 1�C per hour until the temperatures described

in the figure legends were reached. After the freezing treatment, the

seedlings were shifted to 4�C and kept in darkness for 12 h before

being transferred to normal conditions (16-h-light/8-h-dark photoperiod)

at 22�C for another 3 days of recovery. The survival rates were deter-

mined by counting the number of seedlings that still generated new
902 Molecular Plant 13, 894–906, June 2020 ª The Author 2020.
leaves. After recovery from the freezing treatment, the seedlings were

collected and electrolyte leakage was measured as described by Shi

et al. (2012).
In Vitro Pull-Down Assays

The plasmids for expressing the fusion proteins were generated

using different primers (listed in Supplemental Table 6), and full-length

CBF1/2/3 were cloned into the pMAL-c2 or pMAL-c5x vector and full-

length PIF3, PIF4 and PIF5 were cloned into the pET28a or pGEX4-1 vec-

tors. The constructs were transformed into Escherichia coli BL21 or BL21

codon plus, and expression of the PIF3 and CBF1/2/3 fusion proteins was

induced at 37�C for 3 h using 0.5 mM IPTG (isopropyl b-D-1-thiogalacto-

pyranoside). Pull-down assays were performed using maltose binding

protein agarose or glutathione-agarose beads (Sigma-Aldrich), and the

pulled-down proteins were analyzed with anti-His, anti-GST or anti-MBP

antibodies (Sigma-Aldrich).



Figure 7. phyB Positively Regulates Plant Freezing Tolerance Partially through PIFs.
(A–C) Freezing phenotypes (A), survival rates (B), and ion leakage (C) of 12-day-old phyB, pifq, and phyB pifqmutants. Data are means of three biological

replicates ±SEM. Lowercase letters indicate statistically significant differences based on one-way ANOVA with Tukey’s HSD post hoc analysis.

(D) Expression of BZS1 and ZAT10 in phyB, pifq, and phyB pifq plants as described in Figure 4D. Data are means of three replicates ±SD. Lowercase

letters indicate statistical significance based on one-way ANOVA with Tukey’s HSD post hoc analysis.

(E)A proposedmodel depicting the role of the CBF–PIF3–phyBmodule in regulating freezing tolerance inArabidopsis. Cold stress induces the expression

of CBF genes, and the accumulated CBF proteins interact with PIF3. This interaction prevents PIF3 and phyB proteins from undergoing the co-

degradation that occurs under light at warm temperatures. Cold-stabilized phyB promotes the degradation of PIF1, PIF4, and PIF5, and conse-

quently mediates the expression of a set of stress-related and growth-related COR genes, thus increasing freezing tolerance in Arabidopsis.
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Co-immunoprecipitation Assays

The plasmids used for Co-IP assays were generated using different

primers (listed in Supplemental Table 6), and full-length CBF1/2/3 were

cloned into 35S:HA-FLAG and full-length PIF3was cloned into Super:Myc

(pCAMBIA1300-Myc vector harboring a Super promoter) (Yang et al.,

2010). The plasmids were purified and transformed into Arabidopsis

mesophyll protoplasts. Total proteins were extracted with extraction

buffer containing 150 mM NaCl, 10 mM Tris–HCl (pH 7.5), 2 mM EDTA,

0.5% NP-40, and 13 protease inhibitor cocktail (Roche). The protein ex-

tracts were then incubated with anti-HA beads (Sigma-Aldrich) at 4�C
for 2 h. Samples were washed five times with the extraction

buffer and then used for immunoblotting with anti-HA or anti-Myc

antibody (Sigma-Aldrich).

For PIF3-His-Myc CBF1:CBF1-Myc transgenic plants, total proteins

were extracted and protein extracts were incubated with anti-His

beads (Sigma-Aldrich) at 4�C for 2 h. Samples were washed five times

with the extraction buffer and then used for immunoblotting with anti-

His or anti-Myc antibody (Sigma-Aldrich).

Luciferase Complementation Imaging Assay

The plasmids for expressing the fusion proteins were generated using

different primers (listed in Supplemental Table 6), and full-length CBF1/

2/3, phyB and b-glucuronidase (GUS) were cloned into the pCAM-
BIA1300-cLUC vector and full-length PIF1, PIF3, PIF4, PIF5 and GUS

were cloned into the pCAMBIA1300-nLUC vector. Pairs of constructs

were transiently expressed in N. benthamiana leaves as described by

Chen et al. (2008), and the luciferase (LUC) signal was detected by a

cold charge-coupled device camera (Nikon-L936; Andor Tech) after

2 days of growth.

Protein Extraction and Immunoblots

For the protein stability experiments, protein extraction and immunoblot-

ting were performed as described by Li et al. (2016) with minor

modifications. Total proteins were extracted with denaturing buffer

(100mMNaH2PO4, 10mMTris–HCl [pH 8.0], 8 M urea, 13 protease inhib-

itor cocktail [Roche], 1 mM phenylmethylsulfonyl fluoride [PMSF; Am-

resco]) supplemented with 80 mM MG132 (Sigma-Aldrich). For detecting

the phosphorylation of PIF3, total proteins were extracted in extraction

buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 10 mM

MgCl2, 0.1% Tween 20, 1 mM PMSF, and 13 complete protease inhibitor

cocktail. The total proteins from various materials were quantified and

then subjected to immunoblotting analysis with anti-Myc, anti-HA

(Sigma-Aldrich), or anti-phyB antibody (Zhang et al., 2018).

RNA Extraction and RT–PCR

Unless otherwise indicated, 12-day-old plants grown at 22�C were trans-

ferred to 4�C at ZT3. Total RNAs were extracted at the indicated time
Molecular Plant 13, 894–906, June 2020 ª The Author 2020. 903
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points using the RNAprep Pure Plant Kit (Tiangen), followed by reverse

transcription using M-MLV reverse transcriptase (Promega). Quantitative

real-time PCR was performed using the SYBR Green PCR Master Mix Kit

(Takara). Relative expression levels were calculated as described previ-

ously (Shi et al., 2012). The specific primers used in the reactions are

listed in Supplemental Table 6.

Cell-Fractionation Assay

The cell-fractionation assaywas performed as described previously (Liu et

al., 2017). The nuclear proteins were extracted and subjected

to immunoblot analysis with anti-phyB or anti-H3 antibody.

High-Throughput mRNA-Sequencing Analysis

The wild type and phyBmutants were grown at 22�C for 12 days and then

treated at 4�C for 0 h, 3 h or 24 h. Total RNAs were isolated and used for

RNA deep sequencing on an Illumina Hiseq platform. Results from two in-

dependent experiment were collected for the analysis. After removing

low-quality reads and adapter sequences, about 4.0 GB of clean reads

were generated from each sample. TopHat (version 2.1.0) was used for

mapping the clean reads to the reference genome of Arabidopsis

(TAIR10) (Trapnell et al., 2012). Cuffdiff (version 2.1.0) was used to

calculate the differentially expressed genes between two samples

(Trapnell et al., 2013). The comparisons with a fold change R2 and P

value <0.05 were considered as differentially expressed genes.

Heatmaps were drawn based on the multiplied relative expression

levels using the software MultiExperiment Viewer (MeV version 4.9.0)

(Saeed et al., 2003). GO-term enrichment was analyzed with agriGO

v2.0, which contains up-to-date GO annotation data for Arabidopsis

(Tian et al., 2017).
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