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Light and temperature are two key environmental signals that profoundly affect plant growth and development, but underlying
molecular mechanisms of how light and temperature signals affect the circadian clock are largely unknown. Here, we report
that COR27 and COR28 are regulated not only by low temperatures but also by light signals. COR27 and COR28 are negative
regulators of freezing tolerance but positive regulators of flowering, possibly representing a trade-off between freezing
tolerance and flowering. Furthermore, loss-of-function mutations in COR27 and COR28 result in period lengthening of various
circadian output rhythms and affect central clock gene expression. Also, the cor27 cor28 double mutation affects the pace of
the circadian clock. Additionally, COR27 and COR28 are direct targets of CCA1, which represses their transcription via
chromatin binding. Finally, we report that COR27 and COR28 bind to the chromatin of TOC1 and PRR5 to repress their
transcription, suggesting that their effects on rhythms are in part due to their regulation of TOC1 and PRR5. These data
demonstrate that blue light and low temperature-regulated COR27 and COR28 regulate the circadian clock as well as
freezing tolerance and flowering time.

INTRODUCTION

A major developmental transition in plants is the switch from the
vegetative to the reproductive, flowering phase. CO (CONSTANS)
and FT (FLOWERING LOCUS T) are among the most important
genes that regulate floral initiation in response to photoperiod
(Putterill et al., 1995; Kobayashi et al., 1999). CO is a zinc finger
transcription factor that promotes flowering by activating FT ex-
pression (Onouchi et al., 2000; Samach et al., 2000). FT is an RAF
(rapidly accelerated fibrosarcoma) kinase inhibitor-related protein,
which acts as a long-distance signal that migrates through the
vascular system from leaves to the apical meristem (Lifschitz et al.,
2006; Corbesier et al., 2007). The blue light photoreceptor cryp-
tochrome 2 (CRY2) has been shown to activate FT expression in
responsetoblue lightbysuppressingdegradationof theCOprotein
(YanovskyandKay,2002; Valverdeetal., 2004; L.J. Liu et al., 2008),
by direct activation of the CIB1 (CRY2-interacting bHLH1) tran-
scription factor (H. Liu et al., 2008, 2013; Y. Liu et al., 2013), and by
regulating lightentrainmentof thecircadianclock (Jangetal.,2008).

In addition to CRY2, other photoreceptors such as phyto-
chrome A (phyA), phyB, and the LOV-domain F-box proteins

FLAVINBINDING;KELCHREPEAT1 (FKF1), ZEITLUPE (ZTL), and
LOVKELCHPROTEIN2also regulate the expressionofCOandFT
andaffect flowering time in response tophotoperiod (Hayamaand
Coupland, 2004; Thomas, 2006). phyA and phyB interact with
PHYTOCHROME-INTERACTING FACTOR3 (PIF3) to regulate
CO and FT expression by both clock-dependent and clock-
independent mechanisms (Martínez-García et al., 2000; Leivar
and Quail, 2011). FKF1 mediates blue light-dependent degra-
dation of CYCLING DOF FACTOR1 (CDF1) and stabilization of
CO, facilitating transcription of FT (Imaizumi et al., 2005; Song
et al., 2012). ZTL is the substrate binding subunit of the SCFZTL

E3 ubiquitin ligase, which regulates abundance of key proteins
that act as circadian oscillator components, TIMING of CAB
EXPRESSION1 (TOC1) and PSEUDO-RESPONSE REGULATOR5
(PRR5), to affect expressionof anumber offlowering-timegenes,
including FT (Más et al., 2003; Kiba et al., 2007).
One way that light signals could regulate photoperiodic flow-

ering is by regulating the circadian clock. The circadian clock
system can be divided conceptually into three parts: inputs that
receive environmental cues (light and temperature) to entrain the
central oscillator, a central oscillator that generates self-sustained
rhythmicity,andoutputs thatconsistofvariousrhythmicprocesses.
There are multiple transcription feedback loops in the Arabidopsis
thaliana circadian clock (Sanchez and Yanovsky, 2013; Hsu and
Harmer, 2014; McClung, 2014; Shim and Imaizumi, 2015). In the
initially described feedback loop, transcription factors CIRCADIAN
CLOCKASSOCIATED1(CCA1)andLATEELONGATEDHYPOCOTYL
(LHY) repress the transcription of TOC1. TOC1 (also known as PRR1)
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represses transcription of CCA1 and LHY (Huang et al., 2012).
CCA1 and LHY also repress transcription of EARLY FLOWERING3
(ELF3),ELF4,LUXARRHYTHMO (LUX;alsoknownasPHYTOCLOCK1),
PRR5, and GIGANTEA (GI), and they all positively regulate ex-
pression of CCA1 and LHY except PRR5 (Hazen et al., 2005; Kikis
etal., 2005;Onaiand Ishiura,2005;Kamiokaetal., 2016). Inaddition,
CCA1andLHYpromotetranscriptionof twoTOC1homologs,PRR7
and PRR9, as they in turn, repress expression of CCA1 and LHY
(Farré et al., 2005; Nakamichi et al., 2010).

The circadianclock is involved innot only photoperiodic flowering
but also in the cold response and in freezing tolerance. C-REPEAT
BINDING FACTORs (CBFs; also known as DEHYDRATION-
RESPONSIVE ELEMENTBINDING) are cold-induced transcription
factors, and they are sufficient for inducing freezing tolerance
(Thomashow, 1999). Cold induction of CBF1-3 is gated by the
circadian clock (Fowler et al., 2005), andCBF1-3 are direct targets
of CCA1 and LHY (Dong et al., 2011). In addition, the evening el-
ement (EE; AATATC) is a conserved motif in the promoter of cold-
inducible genes (Mikkelsen and Thomashow, 2009; Maruyama
et al., 2012). PRR5, PRR7, and PRR9 were also reported to be
involved in modulating diurnal expression of cold-responsive
genes and freezing tolerance. The prr5-10 prr7-10 prr9-11 triple
mutant showed increasedCBFexpressionand increased freezing
tolerance (Nakamichi et al., 2009). Similarly, the toc1-101mutant
also showed increased expression ofCBF3 and increased freezing
tolerance (Keilyetal.,2013).Coldmayalsoaffect theclock function,
as it is reported that CBF1 binds directly to the LUX promoter to
regulate the transcription of LUX (Chow et al., 2014).

There is limited informationabouthow lightand lowtemperature
coordinate to regulate the circadian clock and photoperiodic
flowering. COLD-REGULATED GENE27 (COR27) and COR28
were identified as cold-responsive genes from Arabidopsis tran-
scriptomeprofiling, and the expressionofCOR27was shown tobe
clock regulated (Fowler and Thomashow, 2002; Mikkelsen and
Thomashow,2009). Thebiological functionsofCOR27andCOR28
areunknown.Here,weshowthatCOR27andCOR28are regulated
by both low temperature and light, representing a trade-off be-
tween flowering and freezing tolerance. COR27 and COR28 are
clock regulated, and they are direct targets of CCA1. Furthermore,
COR27 and COR28 are involved in regulating period length in the
circadianclock, and theyassociatewithchromatin regionsofPRR5
and TOC1 to regulate their transcription. Light- and low temperature-
regulated COR27 and COR28 are involved in the regulation of the
circadian clock as well as freezing tolerance and flowering time.

RESULTS

COR27 and COR28 Are Regulated by Both Blue Light
and Temperature

To identify newgenes regulated byboth light and temperature,we
used Genevestigator (https://genevestigator.com/gv), an online
platform of genome wide expression profiles, to analyze large
groups of genes. We discovered that both COR27 (At5g42900)
and COR28 (At4g33980) expression was induced by cold treat-
ment, but repressed by light exposure. To confirm these ex-
pression patterns, we performed qPCR to monitor mRNA levels

under varying environmental conditions. Transcription of COR27
and COR28 decreased when seedlings were moved from dark-
ness to blue light (40mmolm22 s21) or red light (40mmolm22 s21)
but were upregulated when seedlings were moved from blue light
todarkness (Figures1Aand1B;Supplemental Figures1Aand1B).
In addition, transcription of COR27 and COR28 was increased
following a cold treatment as seedlings were moved from 22°C
to 4°C or 16°C, but was slightly downregulated when seedlings
were moved from 22°C to 30°C (Figures 1C and 1D).
We then investigated whether blue light or low temperature

affectedCOR27andCOR28protein expression. Because none of
the antibodies generated against COR27 and COR28 recognized
endogenous COR27 and COR28 proteins in plants, we used
transgenic plants constitutively expressing fluorescently tagged
COR27 (Pro35S:YFP-COR27) and COR28 (Pro35S:GFP-COR28)
to analyze protein expression. We grew transgenic plants in long-
day conditions (LD; 16 h light/8 h dark) for 5 d, transferred those
plants into the dark for 2 d, and then exposed them to blue light for
various times and measured the levels of COR27 and COR28.
Little COR27 or COR28 protein was detected in plants pretreated
with darkness, but the level of both COR27 andCOR28 increased
significantly within 2 h of blue light treatment (Figures 1E and 1F)
whereas transcription of COR27 and COR28 decreased
(Supplemental Figures 1C and 1D). Temperature did not affect
the level of COR27 andCOR28 (Supplemental Figures 1E and 1F).
Transcription of COR27 and COR28 was repressed by blue light,
while expression of their encoded proteins was promoted by blue
light, indicating that they may be involved in the transcriptional
autoregulation. We tested this hypothesis by measuring tran-
scription of endogenous COR27 and COR28 both in transgenic
lines expressing Pro35S:YFP-COR27 or Pro35S:GFP-COR28
and in cor27 and cor28 mutants. Transcription of endogenous
COR27 and COR28 was dramatically lower in overexpression
lines than in thewild type, but the transcription ofCOR27 is higher
in cor28 mutant, and the transcription of COR28 is higher in the
cor27 mutant (Supplemental Figures 2A and 2B). These results
show thatCOR27andCOR28 repressed their own aswell as each
other’s transcription.

COR27 and COR28 Are Involved in Flowering

To determine the biological roles of COR27 and COR28, we
obtainedT-DNA insertionmutants fromtheArabidopsisBiological
Resource Center, naming them cor27-1, cor27-2, cor28-1, and
cor28-2. cor27-1, cor27-2, and cor28-1 are knockdownmutants,
and cor28-2 is a null mutant (Supplemental Figures 3A to 3C). The
cor27-1, cor27-2, cor28-1, and cor28-2 mutants all showed
astatistically significantdelayoffloweringunder LDconditions, as
measured either by days to flowering or by number of leaves at
flowering (Figures 2A to 2C). We next prepared and examined the
cor27cor28doublemutant,whichexhibitedamoresignificant late
flowering phenotype than the respective single mutants (Figures
2A to 2C), indicating that COR27 and COR28 function at least
partially redundantly in regulating flowering time. We also ex-
amined the flowering phenotype under short-day conditions (SD;
8 h light/16 h dark, 22°C). Our results revealed that the cor27,
cor28, and cor27 cor28 mutants displayed a subtle phenotype,
flowering slightly later than wild-type plants under SD conditions
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as measured by days to flowering (Figures 2D and 2E). Trans-
genic plants overexpressing COR27 or COR28 driven by the
cauliflower mosaic virus 35S promoter also flowered slightly
later than the wild type in LD conditions as measured by days to
flowering (Supplemental Figures 4A to 4E). The late flowering
phenotype of the cor27-1 mutant was complemented when
Pro35S:MYC-COR27 was crossed into cor27-1 (Supplemental
Figure 5A). Interestingly, the late flowering phenotype could not
be complemented when Pro35S:YFP-COR27 was crossed into
cor27-1. We then examined the transcription of COR27 in these
two lines and found that the transcription of COR27 in MYC-
COR27/cor27-1 was ;2.5 times greater than in the wild type,
whereas the transcriptionofCOR27 inYFP-COR27/cor27-1was
;12 timesgreater than in thewild type (Supplemental Figure 5B).
It is possible that the expression of COR27 and COR28 must be
well balanced for their proper function, that they may function in

a protein complex, and that they cannot function properly when
there is too less or too much of them.

COR27 and COR28 Affect Multiple Flowering Pathways

There are at least five distinct pathways controlling flowering in
the model plant Arabidopsis, including the photoperiod path-
way, the vernalization/thermosensory pathway, the autono-
mous floral initiation, the gibberellins pathway, and the age
pathway (Mouradov et al., 2002; Amasino and Michaels, 2010;
Bergonzi et al., 2013; Zhou et al., 2013; Wang, 2014). miR156-
SPL (SQUAMOSAPROMOTERBINDINGLIKE) controls the age
pathway (Wang, 2014). To determine molecular mechanisms of
the delayed flowering phenotype of the cor27 cor28 double
mutants, we examined the expression of FT, TSF (TWEEN
SISTEROF FT ), and SUPPRESSOROFOVEREXPRESSIONOF

Figure 1. COR27 and COR28 Are Regulated by Both Blue Light and Low Temperature.

(A) and (B) qPCR results showing transcription of COR27 and COR28 are repressed by blue light. Five-day-old seedlings grown at 22°C in CL were
transferred to darkness or blue light for 1 d before being transferred to blue light or darkness for the indicated time before sample collection.
(C) and (D) qPCR results showing transcription ofCOR27 andCOR28 are inducedby low temperature. Five-day-old seedlings grown in 22°CLDconditions
were transferred to4°C, 16°C, or 30°CatZT6 for the indicated timebefore samplecollection. Error bars in (A) to (D) represent SEof threebiological replicates.
Expression levels are normalized to the ACT7 mRNA level.
(E)and (F) Immunoblots showing theexpressionofYFP-COR27orGFP-COR28protein in transgenicplants expressing thePro35S:YFP-COR27orPro35S:
GFP-COR28 transgene. Samples were fractionated by 10%SDS-PAGE, blotted, and probedwith an anti-GFP antibody. NS represents nonspecific band.
Plantswere grown in 22°C under LD conditions for 5 d and then transferred to darkness for 2 dbefore transferred to blue light for 2, 4, 6, or 8 h before sample
collection.
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CONSTANS1 (SOC1). Compared with the wild type, the
rhythmic expression of FT, TSF, and SOC1 was substantially
reduced in cor27 cor28doublemutant plants (Figures 3A to 3C).
To examine whether the cor27 cor28 double mutation affects
flowering through the photoperiodic pathway, we examined the
expression of CO and CIB1. We found that the expression of
CIB1was not affectedmuch, but the rhythmic expression ofCO
was reduced in cor27 cor28 double mutant plants (Figures 3D
and 3E), indicating that the photoperiodic flowering pathway is
affected. FLOWERING LOCUS C (FLC), a convergence point of
the autonomous and the vernalization pathways, represses

flowering through direct binding to FT and SOC1 chromatin to
repress their expression (Helliwell et al., 2006). The transcript
level of FLC was elevated in the cor27 cor28 double mutant
relative to the wild type (Figure 3F), suggesting that either the
autonomous or the vernalization pathway is affected by the
cor27 cor28 double mutations. The transcription of SPL9 was
slightly higher in the cor27 cor28 double mutants, but the
transcription of SPL15 and TOE1 was not changed (Figures
3G to 3I). These results indicated that COR27/COR28 might
regulate multiple flowering pathways, so we focused on the
photoperiodic pathway because this pathway is regulated by
blue light

Mutation of COR27 and COR28 Enhances
Freezing Tolerance

Because COR27 andCOR28 are induced by low temperature, we
performed freezing stress tests to study their function in freezing
tolerance. For this assay, cor27-1 and cor28-2 single mutant
plants grown in LD conditions at 22°C were pretreated at 4°C for
1 d, and then the temperaturewasgradually dropped to28°C and
held at28°C for 2 h. The mutants showed slightly better freezing
tolerance than did the wild type, and the cor27 cor28 double
mutant showed significantlymore freezing tolerance than thewild
type. Therefore, COR27 and COR28 appear to function at least
partially redundantly in regulating freezing tolerance. Phenotypes
and survival rates after freezing treatment are shown in Figures
4A and 4B. We also found that survival rates of transgenic lines
overexpressing Pro35S:YFP-COR27 or Pro35S:GFP-COR28
were lower than the wild type (Figures 4A and 4B), whereas the
survival rates of MYC-COR27/cor27 were much higher than
MYC-COR27 (Supplemental Figure 6). These results indicate
that COR27 andCOR28 play significant roles in the response to
cold temperatures.
To confirm that COR27 and COR28 are involved in the cold

response, we analyzed expression of CBFs in cor27 and cor28
single mutants, cor27 cor28 double mutants, transgenic lines
overexpressing Pro35S:YFP-COR27 or Pro35S:GFP-COR28,
and the wild type. When seedlings grown at 22°C in LD con-
ditions for 8 d were transferred to 4°C, transcript abundances of
CBF1, CBF2, and CBF3 were elevated in all genotypes in-
vestigated. Transcription of CBF1 and CBF3 was significantly
higher in cor27 and cor28 single mutants than in the wild type,
and even more dramatically higher in cor27 cor28 double mu-
tants than in thewild type (Figures 4C to 4E). The transcription of
CBF2 was dramatically higher in cor27 cor28 double mutants
than in the wild type, and the transcription of CBF3 was sig-
nificantly lower in YFP-COR27 andGFP-COR28overexpression
lines than in the wild type (Figures 4D and 4E). These results
indicate that COR27 and COR28 are involved in expression
regulation of CBFs and also in cold response.

The Circadian Clock Regulates Expression of COR27 and
COR28, Which Are Direct Targets of CCA1

COR27 and COR28 are positive regulators of photoperiodic
flowering and negative regulators of freezing tolerance; there-
fore, theymaypresent a trade-off betweenfloweringand freezing

Figure 2. COR27 and COR28 Are Involved in Photoperiodic Flowering.

(A) Representative photos of 38-d-old plants of the genotypes indicated
grown in 22°C LD conditions. Bar = 5 cm.
(B) and (C) The quantitative flowering timesmeasured as days to flower (B)
and thenumberof rosette leaves (C)at thedayfloral budsbecamevisible of
genotypes shown in (A). Error bars represent SD (n $ 20).
(D) and (E) Flowering phenotype of indicated genotypes grown in 22°C in
SDconditions.Thequantitativeflowering timesmeasuredasdays toflower
(D) and the number of rosette leaves (E) at the day floral buds became
visible. Error bars represent SD (n $ 20); the asterisks indicate significant
differences compared with the wild type under the same treatment con-
ditions (**P < 0.01, *P < 0.05, Student’s t test).
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tolerance. Because the circadian clock is involved in both photo-
periodic flowering and cold response, we hypothesized that
COR27 and COR28 might balance flowering and the cold re-
sponse via the circadian clock.

It was reported previously that the transcription of COR27 is
regulated by the circadian clock (Mikkelsen and Thomashow,
2009). Our qPCR results demonstrate that both COR27 and
COR28 are clock-regulated and expression of both peaks at noon
(ZT12) (Figure 5A). In addition, levels of both COR27 and COR28
werealso regulatedby theclock, bothpeaking inabundance in the
afternoon (ZT15) in LD conditions (Figure 5B). Given that there are
EE (AAAATATCT) and EE-like elements (AATATCT) in the COR27
promoter region (Mikkelsen and Thomashow, 2009) and that it
was reported that the promoter ofCOR27was occupied byCCA1
in a ChIP-seq analysis of plants expressing CCA1-GFP (Nagel
et al., 2015), we measured transcription of COR27 and COR28
in the cca1 lhy double mutant. ACTIN7 (ACT7), ASPARTIC
PROTEINASEA1 (APA1), and ISOPENTENYLPYROPHOSPHATE:
DIMETHYLALLYL PYROPHOSPHATEISOMETASE2 (IPP2)
(Endo et al., 2014) were used as internal controls for normali-
zation in our qPCR analysis. Transcription of both COR27 and
COR28was upregulated in the cca1 lhy double mutant in themorning
(ZT4 and ZT8) (Figures 5C and 5D; Supplemental Figures 7A to 7D)

in LD conditions. Thus, considering that expression of CCA1 and
LHY peaks in the morning, CCA1 might directly repress tran-
scription of COR27 and COR28. Our ChIP-PCR (chromatin
immunoprecipitation-PCR) assays confirmed that, in vivo, CCA1
was associated with the chromatin of both COR27 and COR28
promoters (Supplemental Figures 7E and 7F). These data in-
dicate that the circadian clock regulates transcription of COR27
and COR28 via CCA1 directly binding to their chromatin and
regulating their transcription.

COR27 and COR28 Affect the Period Lengths of
Circadian Outputs

Because COR27 and COR28 are regulated by the clock as direct
targets of CCA1, they may be involved in clock regulation. To
determine whether COR27 and COR28 affect circadian clock
function, we first examined leaf movement rhythms, a well-
established circadian response in Arabidopsis (Hicks et al., 1996;
Lu et al., 2011). Seedlings were entrained for 10 d in medium-day
conditions (MD; 12 h light/12 h dark) and subsequently transferred
to constant light (CL). Wild-type plants exhibited a robust rhythmic
movement of primary leaves with a free-running period length of
24.3 6 0.4 h (Figures 6A to 6C). In cor27 or cor28 mutant plants,

Figure 3. COR27 and COR28 Affect the Transcription of FT, SOC1, and Other Genes.

qPCRresultsshowingmRNAexpressionofFT,TSF,SOC1,CO,CIB1,FLC,SPL9,SPL15, andTOE1 incor27cor28and thewild typegrown inLDconditions.
Sampleswerecollected from5-d-oldseedlingsof thegenotypes indicatedevery4hoveroneday inLD.Expression levels arenormalized to theACT7mRNA
level. Error bars represent SE of three biological replicates. The asterisks indicate significant differences compared with the wild type (**P < 0.01, *P < 0.05,
Student’s t test).
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a robust circadian rhythm of leaf movement was observed, but
with a free-runningperiod lengthof 25.360.45hand26.860.3h
(Figures 6A and 6C). This is ;1 and 2.5 h longer than that in the
wild type. Mutants deficient in both COR27 and COR28 dis-
played even longer periods than either of the single mutants,
having a period 4.9 h longer than seen in wild-type plants. This
indicates that COR27 and COR28 function redundantly to reg-
ulate period length. Transgenic plants overexpressing Pro35S:
YFP-COR27orPro35S:GFP-COR28 showed significantly longer
period phenotypes, which is;4.2 h or 6.6 h longer than the wild
type, respectively (Figures 6B, 6C, and 6F). To determine the
pervasiveness of COR27 and COR28 function in the circadian
clock, the circadian reporter ProCCR2:LUC (Strayer et al., 2000)
was transformed into cor27, cor28, and cor27 cor28 mutant
plants. Luminescence was examined in wild-type and mutant
plants entrained for 6 d in LD conditions and then transferred
to CL. ProCCR2:LUC expression oscillated with a period length
of 24.36 0.2 h in thewild type, 24.96 0.2 h in cor27, 26.16 0.2 h

in cor28, and 27.26 0.4 h in the cor27 cor28mutant (Figures 6D,
6E, and 6G).
We further confirmed that COR27 and COR28 affect the

circadian clock function by analyzing expression of clock
genes using qPCR. Seedlings were entrained for 6 d in LD
conditions and subsequently transferred to CL. Sampleswere
collected every 4 h for 3 d in the CL condition. All clock genes
checked showed longer periods in the cor27 cor28 double
mutant and transgenic linesoverexpressingPro35S:YFP-COR27
or Pro35S:GFP-COR28 (Figure 7; Supplemental Figure 8). To-
gether, these results show that COR27 and COR28 affect period
lengths of circadian output rhythms (leaf movement, ProCCR2:
LUC activity, and clock gene transcription), indicating that
COR27 andCOR28 are involved in regulating period length in the
circadian clock. To investigate whether the cold induction of
COR27 andCOR28 is related to their function in regulation of the
clock, we checked the period of cor27 cor28 double mutant and
transgenic lines overexpressingPro35S:YFP-COR27 orPro35S:

Figure 4. COR27 and COR28 Affect Freezing Tolerance.

(A) and (B) Freezing tolerance assay using cor27-1, cor28-2, cor27 cor28, YFP-COR27, GFP-COR28, and wild-type control seedlings. Eight-day-old
seedlings grown at 22°C in LD conditionswere cold acclimated (CA) at 4°C for 1 d then frozen at28°C for 2 h and then transferred to 22°C for 3 d before the
measurement of survival rates.
(A) Representative photos of plants of the genotypes indicated after the freezing treatment. Bars = 1.5 cm.
(B) Survival rates of the genotypes indicated after the freezing treatment. Error bars represent SE of three biological replicates, and the asterisks indicate
significant differences compared with the wild type under the same treatment conditions (**P < 0.01, Student’s t test).
(C) to (E) qPCR results showing expression patterns of CBF1, CBF2, and CBF3 in cor27 cor28 and the wild type following cold treatment. Eight-day-old
seedlings grown at 22°C in LD conditions were transferred to 4°C at ZT10 for the indicated time. Expression levels are normalized to theACT7mRNA level.
Error bars represent SE of three biological replicates. The asterisks indicate significant differences compared with the wild type (**P < 0.01, *P < 0.05,
Student’s t test).
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GFP-COR28 in a temperature entrainment experiment. Seed-
lings were entrained for 6 d in CL with a diurnal temperature
variation of 12 h 22°C/12 h 12°C and subsequently transferred to
22°C in CL. We found that cor27 cor28 double mutants still
displayed a significantly longer period phenotype, ;3 h longer
than the wild type. By contrast, transgenic plants overexpressing
Pro35S:YFP-COR27 or Pro35S:GFP-COR28 showed unrhythmic
phenotype (Supplemental Figure 9), indicating that COR27 and
COR28 might be involved in the temperature regulation of the
circadian clock.

COR27 and COR28 Bind to the Chromatin of PRR5 and
TOC1 and Repress Their Expression

To determine themechanismof COR27- andCOR28-regulated
period length in the circadian clock,wemeasured expression of
clock genes in both cor27 cor28 and the wild type in LD con-
ditions. ACT7, APA1, and IPP2 were used as internal controls
for normalization in our qPCR analysis. Compared with the wild
type, rhythmic expression of TOC1 andPRR5was substantially
increased in cor27 cor28 double plants in the afternoon or night
time (Figures 8A and 8B; Supplemental Figures 10A to 10D).
Expression of LHY, CCA1, PRR7, and PRR9 was not significantly

changed in the cor27 cor28 mutant (Figures 8C and 8D;
Supplemental Figures 10E and 10F). To investigate whether
the cold-regulated expression of COR27 and COR28 affects
their function in the clock regulation, we measured the
transcription of PRR5 in cor27 cor28 double mutants fol-
lowing cold treatment. Our results indicate that the tran-
scription of PRR5 is even higher in cor27 cor28 mutants with
cold treatment than without cold treatment (Supplemental
Figures 10G to 10I). These results suggest that COR27 and
COR28maybenegative regulators reducing thecold regulation
of PRR5.
How could COR27 and COR28 regulate transcription of

TOC1 and PRR5? To determine the molecular function of
COR27 and COR28, we first analyzed the expression patterns
of COR27 and COR28. qPCR analysis indicated that COR27
and COR28 were both highly expressed in rosette leaves, but
poorly expressed in root (Figures 8E and 8F). We then ex-
amined the cellular localization of COR27 and COR28 and
both were detected in the nucleus (Figure 8G). Although
COR27 and COR28 could repress transcription of TOC1 and
PRR5, we wondered whether they could be physically asso-
ciating with genomic regions of TOC1 and PRR5 to directly re-
gulate their transcription and therefore performed ChIP-qPCR.

Figure 5. COR27 and COR28 Are Regulated by CCA1.

(A) and (B) qPCR and immunoblots results showing mRNA and protein expression of COR27 and COR28. Five-day-old seedlings were entrained in
a LD cycle, transferred to CL conditions (22°C) (A), or kept in LD (B) and harvested for 2 d (A) or 1 d (B) at 3-h intervals. Expression levels are
normalized to the ACT7mRNA level. Error bars represent SD of three technical replicates. Each experiment was performed at least three times with
similar results.
(C) and (D) qPCR results showing expression of COR27 andCOR28 in cca1 lhy and the wild type grown in LD conditions. Samples were collected from
5-d-oldseedlingsofgenotypes indicatedevery4hoveroneday inLD.Expression levels arenormalized to theACT7mRNA level. Errorbars represent SEof
three biological replicates. (**P < 0.01, *P < 0.05, Student’s t test).
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Figure 6. COR27 and COR28 Affect the Period Lengths of Various Circadian Outputs.

(A) and (B) Assay of circadian leaf movement under CL (70 mmol m22 s21) conditions. Seedlings were entrained in MD for 10 d and then transferred to CL.
Normalized positions (as described in Methods) of primary leaves for the wild type (n = 17), cor27-1 (n = 15), cor28-2 (n = 15), cor27 cor28 (n = 17), MYC-
COR27 (n = 16), and GFP-COR28 (n = 15) are shown.
(C) Period and relative amplitude error estimates (RAEs) of the leaf movement rhythms shown in (A) and (B).
(D)ProCCR2:LUC bioluminescence rhythms in indicated genetic backgrounds under CL conditions. Seedlingswere entrained in LD conditions for 6 d and
then transferred toCL.ProCCR2:LUC activity rhythmswere thenmonitored, and each point is the average of 15 to 20 seedlings normalized as described in
Methods.
(E) Period and relative amplitude error estimates of the ProCCR2:LUC bioluminescence rhythms shown in (D).
(F) Period and statistical analysis of the leaf movement rhythms show in (A) and (B). Error bars represent SE of data from nine plants.
(G) Period and statistical analysis of the ProCCR2:LUC bioluminescence rhythms shown in (D). Error bars represent SE of data from 60 to 90 plants. The
asterisks indicate significant differences compared with the wild type (**P < 0.01, *P < 0.05, Student’s t test).

2762 The Plant Cell



ChIP-qPCR assays showed that COR27 and COR28 were as-
sociated with chromatin regions of TOC1 and PRR5 promoters
and also PRR5’s intragenic regions in vivo (Figures 8H to 8J).
COR27 and COR28 are both small proteins with unknown bio-
chemical functions, and they do not have any known DNA
binding domains. We employed the random binding site se-
lection assay to examine whether COR27 and COR28 might be
sequence-specific DNA binding proteins (He et al., 2005; H. Liu
et al., 2008). In this experiment, Escherichia coli-expressed and
purified full-length COR27 and COR28 were used to screen for
possible interacting DNA sequences. We did not find specific
sequences selected by COR27 or COR28 from the pools of
randomDNAs, sowe also performed a yeast one-hybrid analysis
and did not detect interaction of COR27 orCOR28with either the
PRR5 or the TOC1 promoter (Supplemental Figure 11). Perhaps
COR27 and COR28 do not bind to DNA in a sequence-specific
manner themselves, but instead physically associate with ge-
nomic regions of TOC1 and PRR5 to directly regulate their
transcription.These results indicate thatCOR27andCOR28may

form a protein complex with other transcription factors to as-
sociatewith chromatin and regulate transcription of clock genes.

DISCUSSION

COR27 and COR28 Are Regulated by Light, Temperature,
and the Circadian Clock

Light and temperature are two key environmental signals that
profoundly affect plant growth and development, but how these
two abiotic factors integrate remains largely unknown. It was
previously reported that the red light response was temperature
dependent and that it promoted hypocotyl elongation at 27°C
but repressed hypocotyl extension at 17°C and 22°C (Johansson
et al., 2014). Blue light and CRYs were reported to be required for
temperature compensation of the circadian clock (Gould et al.,
2013), andphyBandCRY1wereshown tobecritical for controlling
growth in high temperature (Foreman et al., 2011). We showed

Figure 7. The cor27 cor28 Double Mutation Lengthens the Free-Running Period of Central Oscillator Gene Expression.

qPCR results showing the expression of the indicated gene in plants of the genotypes indicated. Seedlings were entrained in LD conditions for 6 d before
being transferred to CL and collected every 4 h at the indicated times. Expression levels are normalized to the ACT7mRNA level. Error bars represent SD of
three technical replicates. Each experiment was performed at least three times with similar results.
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recently that the blue light photoreceptor CRY1 interacted di-
rectly with PIF4 in a blue light-dependent manner to repress
transcriptional activation by PIF4 and that multiple plant pho-
toreceptors (CRY1 and phyB) and ambient temperature can
mediate morphological responses through the same signaling
component, PIF4 (Ma et al., 2016). Here, we showed that the
cold-responsive genesCOR27 andCOR28 are induced not only
by cold but also by reduced ambient temperature (Figure 1),
indicating that they are involved in both cold response and
ambient temperature response. Blue light and red light repress
transcription ofCOR27 andCOR28, whereas blue light stabilizes
the proteins (Figure 1), indicating that they are intricately regu-
latedby light.COR27andCOR28are alsodirect targetsofCCA1,

which binds to their chromatin to repress their transcription in
the morning (Figure 5; Supplemental Figure 7). COR27 and
COR28 are regulated by two key environmental signals and the
circadian clock, suggesting that they are key components in-
tegrating external light, temperature signals, and the internal
circadian clock.

COR27 and COR28 Regulate Freezing Tolerance
and Flowering

It was reported that COR27 was rapidly induced in response
to low temperature through a CBF-independent pathway
(Mikkelsen and Thomashow, 2009). COR28 was also reported

Figure 8. COR27 and COR28 Bind to the Chromatin of PRR5 and TOC1 to Affect Their Expression.

(A) to (D) qPCR results showing expression of PRR5, TOC1, LHY, andCCA1 in cor27 cor28 and the wild type grown in 22°C LD conditions. Samples were
collected from5-d-old seedlings of the genotypes indicated every 4 h over oneday in LD. Error bars represent SE of three biological replicates. The asterisks
indicate significant differences compared with the wild type (**P < 0.01, *P < 0.05, Student’s t test).
(E)and (F)qPCRresults showingexpressionofCOR27andCOR28 indifferent tissues.Expression levels in (A) to (F)arenormalized to theACT7mRNA level.
Error bars represent SE of three biological replicates. Each experiment was performed at least three times with similar results.
(G)Subcellular localizationofCOR27andCOR28proteins.EpidermalcellsofNicotianabenthamiana leafwere transformedwithPro35S:COR27-mCherryor
Pro35S:GFP-COR28. Bars = 10 mm.
(H)Diagramof the gene structures for oscillator genes. Horizontal black lines depict theDNA regions thatwere amplifiedbyChIP-qPCR using the indicated
primer set.
(I) and (J) Representative result of the ChIP-qPCR assays. ChIP-qPCR assays were performed with an anti-GFP antibody. Plants were grown under LD
conditionsandharvested atZT15. TheGFP-IPorYFP-IP signalwasnormalizedwith thecorresponding input signal to get the relative enrichment. Error bars
represents SD of three technical repeats. Three independent experiments were performed with similar results.
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to be a cold-responsive gene (Fowler and Thomashow, 2002).
COR27 and COR28 share 40.7% nucleic acid sequence identity
and22.7%aminoacidsimilaritywitheachother, andtheirbiological
functions are unknown. Here, we show that they work redundantly
in regulating both photoperiodic flowering and freezing tolerance
(Figures2and4),andtheymaypresenta trade-offbetweenflowering
(development) and freezing tolerance because they are positive
regulators of flowering but negative regulators of freezing tol-
erance. How could COR27 and COR28 balance development
and freezing tolerance? The circadian clock allows plants to
anticipate and prepare for regular environmental changes, thus
providing them with an adaptive advantage (Dodd et al., 2005;
Greenham and McClung, 2015). The circadian clock is involved
in both photoperiodic flowering and cold response. Clock-
regulated CDFs repress CO transcription in the morning
(Andrés and Coupland, 2012; Romera-Branchat et al., 2014;
Song et al., 2015), and, during long days, FKF1 andGImediate
blue light-dependent degradation of CDF1 and stabilization of
the CO protein to facilitate transcription of FT (Imaizumi et al.,
2005; Song et al., 2012). ZTL regulates the abundance of TOC1
andPRR5,affectingexpressionofanumberofflowering timegenes,
includingFT (Másetal.,2003;Kibaetal.,2007).Thecircadianclock is
also involved in the cold response because the EE (AATATC) is
a conserved motif in the promoter of cold-inducible genes
(Mikkelsen and Thomashow, 2009; Maruyama et al., 2012). PRR5,
PRR7,PRR9,andTOC1werealso reported tobe involved in freezing
tolerance (Nakamichi et al., 2009; Keily et al., 2013). Our results
indicate that COR27 and COR28 work redundantly to regulate
period length in the circadian clock (Figure 6) and suggest that
COR27 and COR28 balance flowering and freezing tolerance via
circadian clock regulation.

Low Temperature- and Blue Light-Regulated COR27 and
COR28 Play Roles in the Circadian Clock

The circadian clock is an internal time-keeping system that
coordinates daily and seasonal changes of environmental sig-
nals with biological processes. Light and temperature are two
key input signals entrainingcircadian clock inhigher plants (Song
et al., 2015). Various photoreceptors act singularly or together to
transduce the light signal into the clock. CRYs transduce blue
light to the clock,while phytochromes transduce red/far-red light
(Somers et al., 1998). UVR8 acts inmediating low-intensity UV-B
light input to the clock (Feher et al., 2011). ZTL and FKF are
circadian photoreceptors. They are clock genes and they can
also sense blue light (Kim et al., 2007; Sawa et al., 2007). How
CRYs, phytochromes, and UVR8 transduce light signals to the
clock is largely unknown. Cold also acts as a clock input, as
transcription of clock genes is damped at 4°C (Bieniawska et al.,
2008), and low temperature-associated alternative splicing of
CCA1 mediates clock responses to low temperatures. The low-
temperature signal is transduced into the clock by the CCA1b
isoform, whereas freezing tolerance is enhanced by the CCA1a
isoform (Seo et al., 2012). CBF1was shown to bind directly to the
LUX promoter to regulate the transcription of LUX (Chow et al.,
2014). Here, we showed that COR27 and COR28 worked re-
dundantly to regulate period length in the circadian clock, while
being regulated by blue light and low temperature. Furthermore,

we showed that cold treatment affects COR27- and COR28-
regulated transcription of PRR5, and transgenic plants over-
expressing Pro35S:YFP-COR27 or Pro35S:GFP-COR28 showed
a long-period phenotype in CL conditions with a 12-h-light/12-h-
dark entrainment (Figures 6 and 7). By contrast, they showed an
unrhythmic phenotype in CL conditions with 12 h 22°C/12 h 12°
(Supplemental Figure 9), indicating that COR27 and COR28 might
be involved in the temperature regulation of the circadian clock.
Thus, there is the possibility that they mediate both light and low
temperature inputs to the circadian clock.
In summary, here,weshow thatCOR27andCOR28are regulated

byboth light and low-temperature signals and that they are involved
in the regulationof thecircadianclock.Weproposethat theybalance
flowering and freezing tolerance inArabidopsis.COR27andCOR28
bind to chromatin of TOC1 and PRR5 to repress their transcription,
so that they affect the period length of the clock (Figure 9). COR27
and COR28 are not transcription factors, and they cannot bind to
DNA themselves in vitro. However, they may act as transcriptional
regulators, forming a complex with other DNA binding transcription
factors that binds to the chromatin in vivo. To more precisely de-
termine their mechanismof action, COR27- andCOR28-interacting
proteins need to be identified and further studied.

METHODS

Plant Materials and Growth Conditions

Except where indicated otherwise, the Columbia ecotype of Arabidopsis
thalianawas used. T-DNA insertionmutants cor27-1 (CS834545), cor27-2
(SALK_042072), cor28-1 (CS812929), and cor28-2 (SALK_137155) were
obtained from ABRC. The cor27 cor28 double mutant was prepared by
crossing cor27-1with cor28-2, and its identity was verified by genotyping
and qRT-PCR. To produce cca1-1 lhy, the cca1-1 mutant in the
Wassilewskija background (Green and Tobin, 1999) was backcrossed
to Col-0 and was then crossed with T-DNA insertion mutant lhy in the
Col-0 background (SALK_031092). For constitutive expression, full-
length coding sequences of COR27 and COR28 were cloned into
pEarly104 (Pro35S:YFP-COR27), pEarly203 (Pro35S:MYC-COR27),
and pMDC43 (Pro35S:GFP-COR28) using the Gateway method. pEarly
vectors andpMDC43are fromABRC.TheplasmidPro35S:COR27-mcherry
was prepared by cloning the COR27 cDNA into pCambia1300 vector
(Cambia), which codes for the mCherry tag. ProCCR2:LUC reporter was
constructed as reported before (Strayer et al., 2000). The ProCAB2:LUC
reporter was reported before (Lu et al., 2011). Pro35S:YFP-COR27 and
Pro35S:GFP-COR28were transformed intoCol-0by thefloral dipmethod
(Clough and Bent, 1998). For every transformation, greater than 10 in-
dependent transgenic lines with a single copy of the transgene were
generated. Phenotypes of transgenic plants were verified in at least three
independent transgenic lines. Immunoblots were performed to verify
overexpression of the transgenes. Pro35S:YFP-COR27 and Pro35S:
MYC-COR27 (both in the cor27-1mutant background)were generatedby
crossing transgenic lines expressing Pro35S:YFP-COR27 or Pro35S:
MYC-COR27 in thewild typebackgroundwith thecor27-1mutant. Seeds
were sterilized in 10% bleach, placed on Murashige and Skoog medium
containing 0.8% agar and 1% sucrose, and stratified for 4 d at 4°C in the
dark before being transferred towhite light (70mmolm22 s21) in a Percival
growth chamber (Percival Scientific).

Light Conditions

Light conditions used were blue light (40 mmol m22 s21), red light (40 mmol
m22 s21), white light (70mmolm22 s21), LD (16 h light/ 8 h dark, white light

COR27 and COR28 Affect the Circadian Clock 2765

http://www.plantcell.org/cgi/content/full/tpc.16.00354/DC1


intensity was 70 mmol m22 s21), MD (12 h light/12 h dark, white light
intensitywas70mmolm22s21),SD (8h light/16hdark,white light intensity
was70mmolm22 s21), andCL (white light intensitywas70mmolm22 s21).

Analysis of Circadian Rhythms

Transgenic plants expressing the ProCCR2:LUC and ProCAB2:LUC
reporters in the cor27-1, cor27-2, cor28-1, cor28-2, and cor27 cor28
backgrounds were prepared by the floral dip method (Clough and Bent,
1998). T2 seedlings were entrained for 6 d in LD conditions before
transferred to CL for analysis of LUC activity using an Andor cool camera
system. Bioluminescence rhythms of groups of ;20 seedlings were
analyzed using ImageJ software (Lu et al., 2011). The average of all the
LUC activity of;20 seedlings were set as 1, and all the LUC activity data
werenormalized to theaverage toget thenormalizedLUCactivity. For leaf
movement analysis, seedlings were entrained for 10 d under a MD and
then transferred to CL, and the vertical position of the primary leaves was
monitored and analyzed (Lu et al., 2011). Seedlings were individually
transferred to the wells of upright 24-well tissue culture plates and the
positions of the primary leaves were recorded every 20 min for 9 d using
a CCD camera (model LTC 0335) from Bosch. Leaf movement was as-
sessed by measuring the vertical position of the primary leaves using the
Image J software. The average of all the vertical positions of the primary
leaf was set as 1, and all the vertical positions of the primary leaf were
normalized to the average to get the normalized leaf position. Rhythm
data of LUC activity and leaf movement were analyzed with BRASS
software to get period and relative amplitude error estimates (available
from http://www.amillar.org) using the fast Fourier transform nonlinear
least square program (Millar et al., 1995; Plautz et al., 1997).

Analysis of Plant Freezing Tolerance

Analysis of freezing tolerance analysis was performed as described pre-
viously (Ding et al., 2015) with the following modifications. Arabidopsis
plants were grown in LD conditions at 22°C on Murashige and Skoog
plates containing 0.8% agar and 1% sucrose for 8 d. The seed-
lings were then used for the freezing assay in a freezing chamber
(RuMED4001). After seedlingswere pretreated in the freezing chamber

at 4°C for 1 d, the freezing chamber was programmed to drop 2°C per
hour to28°C andwas kept in28°C for 2 h. After the freezing treatment,
plants were put into darkness at 4°C for 12 h and then transferred
to normal conditions for 3 d, at which time the survival rates were
determined. Three independent experiments of three to six replicates
each were conducted, and ;40 to 50 seedlings were analyzed for
each replicate.

mRNA Expression Analyses

mRNA expression analyses were performed as described previously
(Ma et al., 2016). Total RNAs were isolated using the RNAiso Plus
(Takara). cDNA was synthesized from 500 ng of total RNA using the
PrimeScript RT reagent kit with genomic DNA Eraser (Takara). SYBR
Premix Ex Tag (Takara) was used for the qPCR reactions, using the
MX3000 system (Stratagene). Levels of ACT7 or IPP2 or APA1 mRNA
expression were used as the internal controls. qRT-PCR data for each
sample were normalized to the respective ACT7 or IPP2 or APA1 ex-
pression level. The cDNAs were amplified following denaturation, using
the 40-cycle programs (95°C, 5 s; 60°C, 20 s per cycle). Biological
replicates represent three independent experiments involving ;30
seedlingsper experiment. Three technical replicatesweredone for each
experiment.

Protein Subcellular Localization

Protein subcellular localization experiments were performed as described
previously (Y. Liu et al., 2013). GFP-derived and mCherry-derived fluo-
rescence was analyzed using an Olympus BX53 microscope. Excitation/
emission wavelengths were as follows: GFP (488 nm/505 to 575 nm) and
mCherry (543 nm/560 to 615 nm).

ChIP Assays

ChIP assays were performed as described before (Ma et al., 2016). Seven-
day-old LD-grown seedlings harboring Pro35S:YFP-COR27, Pro35S:
GFP-COR28, or wild-type genes were used for ChIP. ChIP samples of
COR27 andCOR28were collected at ZT15, whereas the sample for CCA1
ChIP was collected at ZT0. Anti-GFP or CCA1 antibodies were used for
ChIP. Two grams of seedlings was harvested and treated with 1% formal-
dehyde (Sigma-Aldrich) under vacuum for 20min.Cross-linkingwas stopped
by adding glycine to a final concentration of 0.125 M. The seedlings were
rinsed with water, frozen in liquid nitrogen, and ground to a fine powder. This
starting material was used to precipitate COR27, COR28, or CCA1.

Accession Numbers

Sequence data for genes described in this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases under the
following accession numbers:COR27 (AT5G42900), COR28 (AT4G33980),
CO (AT5G15840), FT (AT1G65480), TSF (AT4g20370), FLC (AT5G10140),
SOC1 (AT2G45660),CIB1 (AT4G34530),TOE1 (AT2G28550),SPL9 (AT2G42200),
SPL15 (AT3G57920),CCA1 (At2G46830),LHY (At1G01060),PRR9 (At2G46790),
PRR7 (At5G02810), PRR5 (At5G24470), TOC1 (At5G61380), GI (At1G22770),
CBF1 (AT4G25490), CBF2 (AT4G25470), CBF3 (AT4G25480), ACT7
(AT5G09810), IPP2 (AT3G02780), and APA1 (AT1G11910). T-DNA in-
sertion mutants were obtained from the ABRC: cor27-1 (CS834545),
cor27-2 (SALK_042072), cor28-1 (CS812929), cor28-2 (SALK_137155),
and lhy (SALK_031092).

Supplemental Data

Supplemental Figure 1. Red Light Represses Transcription of COR27
and COR28, and Low Temperature Does Not Affect COR27 and
COR28 Stability.

Figure 9. A Hypothetical Model Depicting How Light- and Low
Temperature-Regulated COR27 and COR28 Play Roles in the Circadian
Clock.

The model hypothesizes that the transcription of COR27 and COR28 is
induced by cold/low ambient temperature but repressed by blue light.
Their proteins are stabilized in response to blue light, and they repress the
transcription of TOC1 and PRR5 to affect the period length of the cir-
cadian clock. In the meantime, they are regulated by the circadian clock.
CCA1 represses the transcription of COR27 and COR28 through direct
promoter binding.
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Supplemental Figure 2. COR27 and COR28 Repress Their Own and
Each Other’s Transcription.

Supplemental Figure 3. Isolation and Characterization of COR27 and
COR28 T-DNA Insertional Mutants.

Supplemental Figure 4. Overexpression of COR27 and COR28 Leads
to a Slightly Late-Flowering Phenotype.

Supplemental Figure 5. The cor27-1 Phenotype Was Fully Rescued
by Introduction of Pro35S:MYC-COR27.

Supplemental Figure 6. COR27 Affects Freezing Tolerance.

Supplemental Figure 7. COR27 and COR28 Are Direct Targets of
CCA1.

Supplemental Figure 8. The cor27 cor28 Double Mutation Lengthens
the Free-Running Period of Central Oscillator Gene Expression.

Supplemental Figure 9. Transgenic Lines Expressing YFP-COR27
and GFP-COR28 Show an Unrhythmic Phenotype in a Temperature-
Cycle Condition.

Supplemental Figure 10. COR27 and COR28 Affect the Transcription
of PRR5 and TOC1 but Not PRR7 and PRR9.

Supplemental Figure 11. COR27 and COR28 Cannot Bind the
Promoter of PRR5 and TOC1 Directly.

Supplemental Data Set 1. Oligonucleotide Primers Used in This Work.
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