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In plants, cold temperatures trigger stress responses and long-term responses that result in cold tolerance. In Arabidopsis
thaliana, three dehydration-responsive element (DRE) binding protein 1/C-repeat binding factors (DREB1/CBFs) act as
master switches in cold-responsive gene expression. Induction of DREB1 genes triggers the cold stress-inducible tran-
scriptional cascade, followed by the induction of numerous genes that function in the cold stress response and cold tolerance.
Many regulatory factors involved in DREB1 induction have been identified, but how these factors orchestrate the cold stress-
specific expression of DREB1s has not yet been clarified. Here, we revealed that plants recognize cold stress as two different
signals, rapid and gradual temperature decreases, and induce expression of the DREB1 genes. CALMODULIN BINDING
TRANSCRIPTION ACTIVATOR3 (CAMTA3) and CAMTA5 respond to a rapid decrease in temperature and induce the expression
of DREB1s, but these proteins do not respond to a gradual decrease in temperature. Moreover, they function during the day and
night, in contrast to some key circadian components, including CIRCADIAN CLOCK ASSOCIATED1 and LATE ELONGATED
HYPOCOTYL, which regulate cold-responsive DREB1 expression as transcriptional activators only during the day. Thus, plants
efficiently control the acquisition of freezing tolerance using two different signaling pathways in response to a gradual tem-
perature decrease during seasonal changes and a sudden temperature drop during the night.

INTRODUCTION

Plants have evolved complex systems to adapt to and survive
in extreme temperature conditions. Under cold stress condi-
tions, plants induce a large number of genes that function in the
stress response and tolerance (Thomashow, 1999; Yamaguchi-
Shinozaki and Shinozaki, 2006). The products of these genes
function directly to enhance tolerance to freezing stress and to
regulate gene expression and signal transduction under cold-
stress conditions. The dehydration-responsive element (DRE),
which has the same core motif as the C-repeat (A/GCCGAC),
has been identified as a cis-acting element that regulates
gene expression in response to both cold and dehydration
stresses in plants (Baker et al., 1994; Yamaguchi-Shinozaki and
Shinozaki, 1994).

DRE binding protein 1A/C-repeat binding factor 3 (DREB1A/
CBF3), an APETALA2/ethylene-responsive element binding
factor-type transcription factor thatbinds to theDREandactivates
the expression of cold-responsive genes, was isolated in a yeast
one-hybrid screen (Stockinger et al., 1997; Liu et al., 1998). Fur-
thermore, two cDNA clones homologous to DREB1A/CBF3 were
isolated (DREB1B/CBF1 and DREB1C/CBF2; Liu et al., 1998;
Shinwari et al., 1998) and shown to function in cold-responsive

gene expression, similar to DREB1A. Overexpression of DREB1/
CBFsdriven by theCauliflowermosaic virus (CaMV)35Spromoter
improves tolerance to freezing, drought, and high salinity in
transgenic Arabidopsis thaliana (Jaglo-Ottosen et al., 1998; Liu
et al., 1998; Kasuga et al., 1999). Transcriptome analyses have
identified more than 100 downstream target genes of DREB1A
(Seki et al., 2001; Maruyama et al., 2004, 2009; Park et al., 2015;
Zhao et al., 2016). Many of the products of these genes in plants,
including late embryogenesis abundant proteins, enzymes for
osmoprotectant biosynthesis, transcription factors, and protein
kinases, have been shown to function in acquisition of stress
tolerance and in further regulation of stress responses. The levels
of many metabolites (e.g., carbohydrates, amines, and organic
acids) significantly increased in transgenic plants overexpressing
DREB1A, similar to cold-treated plants (Kaplan et al., 2007;
Maruyama et al., 2009).
Therefore, these three DREB1 transcription factors have been

reported to act as master switches in cold-inducible gene ex-
pression (Yamaguchi-Shinozaki and Shinozaki, 2006). These
genes are tandemly arrayed in the Arabidopsis genome in the
order DREB1B, DREB1A, and DREB1C, and they are all rapidly
and transiently induced by cold stress (Shinwari et al., 1998).
Therefore, inductionofDREB1s is thought tobe thefirst step in the
cold-responsive transcriptional cascade, followed by the ex-
pression of a large number of cold-inducible genes encoding
proteins that function in the cold stress response and cold tol-
erance. Thus, it is important to elucidate themechanisms of cold-
inducible DREB1 expression. The promoter sequences of these
three DREB1s, from the transcription initiation sites to 2400 bp,
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contain six highly conserved motifs: boxes I to VI (Shinwari et al.,
1998). In addition, two sequences that contribute to cold stress
induction, ICEr1 and ICEr2, have been identified in the conserved
regions of the CBF/DREB1 promoters (Zarka et al., 2003); these
are identical to boxes IV and VI, respectively. Moreover, some
transcription factors have been reported to regulate the cold
stress induction of DREB1s directly or indirectly. INDUCER OF
CBF EXPRESSION1/SCREAM (ICE1/SCRM), ICE2, and MYB15
arebasic helix-loop-helix- andMyb-type transcription factors that
regulate DREB1A expression under cold stress conditions
(Chinnusamyet al., 2003; Agarwal et al., 2006; Kimet al., 2015).
CALMODULIN BINDING TRANSCRIPTION ACTIVATOR3/
Arabidopsis thaliana SIGNAL-RESPONSIVE GENE1 (CAMTA3/
AtSR1), alongwith CAMTA1 andCAMTA2, have been reported
to bind to the CGCG-box in ICEr2 and to activate the ex-
pression of DREB1B and DREB1C (Doherty et al., 2009; Kim
et al., 2013). SCRM/ICE1 and SCRM2/ICE2 function in sto-
matal differentiation, and AtSR1/CAMTA3, CAMTA1, and
CAMTA2 negatively regulate salicylic acid (SA) biosynthesis at
warm temperatures (Kanaoka et al., 2008; Du et al., 2009; Kim
et al., 2013).

The circadian clock also regulates the expression ofDREB1A
(Harmer et al., 2000; Maruyama et al., 2009). Moreover, the
expression of many cold-inducible genes, including DREB1s
and their downstream genes, is also regulated by the circadian
clock at both warm and cold temperatures (Bieniawska et al.,
2008;Mikkelsen andThomashow, 2009). In phytochromeBand
phytochrome D mutants, DREB1 expression is upregulated,
and one of the phytochrome-interacting factor (PIF) family
proteins, PIF7, can repressDREB1B andDREB1C transcription
under circadian control (Franklin andWhitelam, 2007; Kidokoro
et al., 2009). Moreover, mutations in the genes encoding
pseudoresponse regulators (PRR9, PRR7, and PRR5), which
are key components of the circadian oscillator, result in the
upregulated expression of DREB1s and their downstream
genes (Nakamichi et al., 2009, 2012). These three PRRs and
a homolog, TIMING OF CAB EXPRESSION1, repress the ex-
pression of CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and
LATE ELONGATED HYPOCOTYL (LHY ), generating a negative
feedback loop for clock function (Nakamichi et al., 2009; Nagel
et al., 2015; Kamioka et al., 2016; Liu et al., 2016). CCA1, which
encodes a morning-expressed MYB transcription factor, can
bind to the promoter regions of DREB1s, and cold-inducible
expression of DREB1s has been reported to be significantly
reduced in cca1 lhy double mutant plants (Dong et al., 2011),
suggesting that CCA1 and its close homolog, LHY, are also
important transcriptional activators in the cold-responsive
expression of DREB1s.

Thus, many factors have been found to regulate the cold-
responsive expression of DREB1 genes. However, most of
these factors also function in other key pathways and regulate
a variety of genes, and the molecular mechanisms underlying
regulation of the cold-specific expression of DREB1s by these
factors have not yet been clarified. In this study, we found that
plants respond differently to rapid and gradual temperature
decreases and induce the expression ofDREB1s, which encode
main switches of the cold stress response, through twodifferent
signaling pathways.

RESULTS

Expression Analyses of Six CAMTA Genes

Our previous study has revealed that the 65-bp fragment (2113 to
247) of the DREB1C promoter, including the conserved regions
(boxes V and VI), is sufficient for regulation of its cold-inducible ex-
pression in Arabidopsis. Moreover, the G-box in box V functions as
anegative regulatory element, and the regionaroundboxVI contains
positive regulatory elements for the cold-inducible expression of
DREB1C (Kidokoro et al., 2009). To screen for positive regulatory
factors that interact with this fragment, we performed yeast one-
hybrid screens using a cDNA library of Arabidopsis transcription
factors (Mitsudaet al., 2010)and isolatedacDNAencodingCAMTA2
as one of the positive clones (Supplemental Table 1). The tran-
scription factors CAMTA1, CAMTA2, and CAMTA3 have been re-
ported to be positive regulators of DREB1 expression at a low
temperature (4°C) and negative regulators of SA biosynthesis at
a warm temperature (22°C) (Doherty et al., 2009; Du et al., 2009; Kim
et al., 2013). The Arabidopsis genome contains six CAMTA family
members (Bouchéetal., 2002). Tounderstand the rolesofallCAMTA
family proteins in the cold-responsive expression of DREB1s, we
analyzed the phylogenetic relationships among theCAMTAproteins
in various plant species. A total of 45 candidate peptide sequences
were identified in Phytozome v11.0 genomic database (http://www.
phytozome.net/). These proteins were divided into three subtypes,
CAMTA1/2/3, CAMTA4, and CAMTA5/6, based on their CG-1 DNA
bindingdomains (Supplemental Figure 1).Physcomitrella patenshas
only the CAMTA1/2/3 subtype genes, indicating that all six CAMTA
genes are likely derived from common ancestors, as recently re-
ported (Rahman et al., 2016).
We next measured expression of the CAMTA genes under cold

conditions in the plants by RT-qPCR. CAMTA4 expression was in-
ducedby thecold treatmentafter 6h, and that of theothergeneswas
not induced (Figure 1A). To determine the tissue-specific expression
profiles of CAMTAs, we generated transgenic Arabidopsis ex-
pressing the GUS reporter gene under the control of each CAMTA
promoter. GUS staining was detected in the cotyledons and rosette
leavesof all transgenicArabidopsis plants (Figure1B). The staining in
the roots differed depending on the gene examined. The nuclear
localizationofGFP-fusedCAMTA3andCAMTA5drivenbytheCaMV
35S promoter has been previously demonstrated using transient
transformation (Yang and Poovaiah, 2002; Mitsuda et al., 2003). We
analyzed the subcellular localizationof the sixCAMTAproteins fused
to synthetic GFP (sGFP) (Chiu et al., 1996) and driven by their own
promoters and the CaMV 35S promoter in transgenic plants. The
sGFP fusion proteins of CAMTA2, CAMTA3, and CAMTA5 localized
to the nuclei of the Arabidopsis plants at room temperature (Figure
1C; Supplemental Figure 2). However, no GFP fluorescence of the
fusionproteinsofCAMTA1,CAMTA4,andCAMTA6wasobservedat
room temperature or at 4°C in any part of the cell. These CAMTA
proteins might be unstable under these conditions.

Transactivation Activity and DNA Binding Specificity of
CAMTA Proteins

To select candidate CAMTA proteins that function in the regula-
tion of DREB1 expression, we performed transactivation assays

Two Cold Signaling Pathways in Plants 761

http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1
http://www.phytozome.net/
http://www.phytozome.net/
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1


using Arabidopsis protoplasts. Quadruple repeats of each pro-
moter fragment, including boxes V and VI of DREB1A (2139 to
274),DREB1B (2126 to262), andDREB1C (2113 to247), were
fused to the ELUC reporter gene (Figure 2A). The six CAMTA
genes driven by the CaMV 35S promoter were used as effectors.
Among them, CAMTA3 and CAMTA5 clearly enhanced the ac-
tivities of the reporter genes driven by the DREB1B and DREB1C
promoters, but none of the CAMTA proteins activated expression
of the reporter gene driven by the DREB1A promoter (Figure 2B).
Similar results were obtained using the 1-kb promoters ofDREBs
to drive reporter gene expression (Supplemental Figure 3).

In theDREB1Cpromoter, theCGCG-box sequence (CCGCGT),
which is a binding site of CAMTA proteins [(A/C/G)CGCG(G/T/C)]
(Yang and Poovaiah, 2002), was identified, but this sequencewas
not found in the DREB1A or DREB1B promoter. A rice (Oryza
sativa)CAMTAhomolog,OsCBT,hasbeenshown topreferentially
bind to the CG(C/T)GT sequence, similar to the CGCG-box (Choi
etal., 2005).We found thisCGTGTsequence in the39 regionofbox
VI of the DREB1B promoter, as well as a similar sequence,
CGTGG, in the G-box in box V of all three DREB1 promoters

(Figure 2C). To determine whether CAMTA directly binds to the
CGCG-box and similar sequences in the DREB1 promoters, we
performed electrophoresis mobility shift assays (Figure 2D). A
fragment (amino acids 1–160) of CAMTA5, including the CG-1
DNA binding domain (CAMTA5BD), was expressed as a GST
fusion protein in Escherichia coli. Following incubation of CAM-
TA5BD with the promoter fragments of DREB1B and DREB1C,
shifted bands were detected, and the addition of each promoter
fragment as a competitor (wild type) led to a decrease in the in-
tensity of the shifted bands. However, no shifted bands were
observed following incubation with the promoter fragment of
DREB1A. Substitutions in the CGCG-box of the DREB1C pro-
moter fragment abolished the competition activity. In theDREB1B
promoter, substitutions in both the CGTGT and CGTGG se-
quences (mTG1/2) completely abolished the competition activity.
Only slight decreases in the competition activity were observed
with substitutions in CGTGG (mTG1), but moderate decreases
were detectedwith substitutions inCGTGT (mTG2). These results
indicate that CAMTA5 binds to the CGCG-box in the DREB1C
promoter and the CGTGT sequence in the DREB1B promoter. In

Figure 1. Expression of the Six CAMTA Family Genes.

(A) Expression of theCAMTA family genes under cold conditions in Arabidopsis grown in soil pots. Three-week-old plants grown in soil pots under a 12-h-
light/12-h-dark cycle at 22°C were immediately cooled to 4°C beginning at ZT2. The transcript level of each gene in the plants treated for the indicated
duration (0, 1, 3, 6, or 12 h)wasmeasuredbyRT-qPCR. The values represent the average of three technical replicates, and the error bars indicate the SD. The
transcript level of each gene before the cold treatment (0 h) was set to 1. The asterisks indicate significant differences (*P < 0.05 and **P < 0.01 according to
Student’s t test) compared with the expression in plants before the cold treatment in three biological replicates using the plants sampled at different times.
(B)PatternsofGUSexpressiondrivenby theCAMTApromoter in3-week-oldseedlings. Theaerial part (shoot), rootmaturezone (root, left), and root tip (root,
right) are shown. Bars: line = 1 mm, arrow = 0.2 mm.
(C) Expression of theCAMTA-GFP fusion gene driven by its own promoter in 2-week-old seedlings. Root tips (CAMTA2 and CAMTA3) and rosette leaves
(CAMTA2 and CAMTA5) are shown. GFP fluorescence, chlorophyll (Chl.) autofluorescence, and differential interference contrast (DIC) images are pre-
sented. Bars = 20 mm.
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addition, it might weakly bind to the CGTGG sequence in the
DREB1B promoter. We obtained similar results with a fragment
(amino acids 1–150) of CAMTA3 (CAMTA3BD; Supplemental
Figure 4).

Analyses of Plants with Quintuple and Sextuple Mutants of
CAMTA Family Genes

To elucidate the functions of theCAMTA family proteins inDREB1
expression, we generated quintuple and sextuple mutants of the
six CAMTA genes, camta23456, camta13456, camta12456,
camta12356, camta12346, camta12345, and camta123456, by
crossingsixT-DNA insertionmutantsof eachgene tooneanother.
RT-PCR analysis confirmed the decreased expression of CAM-
TA2 and lack of expression of the otherCAMTAs in thesemutants
(SupplementalFigure5).Thesextupleandquintuplemutantplants
grown in soil pots, except for camta12456, exhibited growth re-
tardation and early leaf senescence (Figures 3A and 3B). Ex-
pression of three DREB1 genes was measured under control
(22°C) and cold stress conditions (4°C) for 3 h in these camta
mutants. In the camta123456 plants, the cold induction of
DREB1B andDREB1Cwas clearly decreased comparedwith that
in the wild-type plants, but no significant changes in DREB1A
expressionwereobserved in themutantplants (Figure3C).Among

the quintuple mutants, the cold-inducible expression of DREB1B
and DREB1C in camta12456 was similar to that in the wild-type
plants, and that in camta12346 was increased. Among the other
quintuple mutants, the cold-inducible expression ofDREB1B and
DREB1Cwas lower than that in the wild type and similar to that in
the sextuple mutants. No camta quintuple mutants showed sig-
nificantly altered DREB1A expression. These results clearly in-
dicate that CAMTA3 and CAMTA5 are active transcription factors
that regulate the cold-inducible expression of DREB1B and
DREB1C. However, low levels of the cold-inducible expression of
both genes were still detected, even in the sextuple mutant,
suggesting that transcription factors other than the CAMTA
proteins are involved in the cold-responsive expression of
DREB1B and DREB1C.
We also analyzed the expression of ENHANCED DISEASE

SUSCEPTIBILITY1 (EDS1) and ISOCHORISMATE SYNTHASE1
(ICS1), which encode important positive regulators of SA bio-
synthesis because the camta3 mutant has been reported to in-
crease EDS1 expression, leading to SA accumulation and growth
retardation (Duet al., 2009). In the sextuplemutant, theexpression
ofbothgeneswasstrongly elevatedcomparedwith that in thewild
type (Figure 3D). Furthermore, EDS1 and ICS1 expression in
camta12456 was clearly suppressed compared with that in the
sextuple mutant. The expression of these genes was also slightly

Figure 2. Transactivation and DNA Binding Activities of the CAMTA Proteins to the DREB1 Promoters.

(A)Schematic diagram of the effector and reporter constructs used in transactivation analyses. The effector constructs contained theCaMV 35S promoter
fused to theCAMTA1-6 coding sequences.Nos-T indicates the polyadenylation signal of the nopaline synthase gene. The reporter construct contained the
emerald LUCgene fused to four tandem repeats of fragments, including the conserved regions (boxesVandVI) of thepromoters ofDREB1A (2139 to274),
DREB1B (2126 to 262), or DREB1C (2113 to 247) and the minimal promoter of DREB1C.
(B) Transactivation activities of the CAMTA family proteins in Arabidopsis mesophyll protoplasts. The relative activity indicates themultiples of expression
compared with the value obtained with the vector control. The error bars indicate the standard deviations of three biological replicates.
(C) Comparison of the sequences of the fragments containing boxes V and VI among the DREB1 promoters.
(D) Electrophoresis mobility shift assay of binding of the recombinant CAMTA5BD protein to the DREB1 promoters. Radioactive probes of DREB1A,
DREB1B, and DREB1C were incubated with or without a 1000-fold excess of competitors in the presence of the recombinant CAMTA5BD protein
(GST-C5BD).
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Figure 3. Analyses of Quintuple and Sextuple Mutants of the CAMTA Family Genes.

(A) Growth of quintuple and sextuple mutants of the CAMTA family genes. The seedlings were grown in soil pots at 22°C for 3 weeks. Bars = 1 cm.
(B)Freshweightsof quintupleandsextuplemutantsof theCAMTA family genesgrownunder theconditions in (A),n=10. The letters above thebars indicate
significant differences among the seedlings (P < 0.01 according to Games-Howell’s multiple range test).
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decreased in camta13456. We further examined the expres-
sion ofPATHOGENESIS-RELATEDGENE1 (PR1), an SA-induced
gene, and XYLOGLUCAN ENDOTRANSGLUCOSYLASE/
HYDROLASE31 (XTH31), an SA-repressed gene that encodes
xyloglucan endotransglycosylase/hydrolase (Miura et al., 2010).
PR1 expression was strongly suppressed in camta12456 com-
paredwith that in the sextuplemutant, but its levelwashigher than
that in thewild type. In contrast, XTH31 expressionwas increased
in camta12456 compared with that in the sextuple mutant, but its
level was lower than that in the wild type. All of these findings
indicate that CAMTA3 plays a major role and that CAMTA2 has
a minor role in the suppression of SA biosynthesis.

Comprehensive Analysis of Up- and Downregulated Genes
in camta Sextuple Mutant Plants under Cold
Stress Conditions

To identify the roles of CAMTA proteins in cold-responsive gene
expression, we assessed the gene expression profiles in camta
sextuple mutant plants subjected to cold stress (4°C) for 3 h by
RNA-seq analysis. A total of 213 and 971 geneswere upregulated
anddownregulated, respectively, in themutant comparedwith the
wild type (fold change > 2 or fold change < 0.5, P < 0.01). Next, the
downregulated genes in the mutant plants were compared with
the upregulated genes in Arabidopsis plants overexpressing
DREB1B (fold change > 2, P < 0.05; Park et al., 2015). Thirty-five
genes were found to overlap (Supplemental Figure 6A and
SupplementalDataSets1AandB), includingdirect targetgenesof
DREB1s, such as COLD-REGULATED 15A (COR15A) and GA-
LACTINOLSYNTHASE3 (GolS3) (Liu et al., 1998;Maruyamaet al.,
2004). On the other hand, the expression of many cold-inducible
DREB1 target genes, such asCOR15B andKIN2, was unchanged
in the mutant. Expression of these genes was confirmed by
RT-qPCR (Supplemental Figure 6B). Then, the downregulated
genes in the camta123456 mutant were compared with the up-
regulated genes in the plants subjected to cold stress for 1 d
identified by microarray analyses (Maruyama et al., 2009). A total
of 94 genes were found to overlap that were not downstream
of DREB1B (Supplemental Figure 6A and Supplemental Data
Set 1C).

Furthermore, we examined the expression patterns of the top
100 upregulated and downregulated genes in the sextuple
mutant using Genevestigator microarray database (https://www.
genevestigator.com/gv/) (Zimmermann et al., 2004) and found
that most of the upregulated genes in the mutant were highly

responsive to SA treatment and cold treatment for more than 3 d.
However, these genes were not responsive to cold treatment for
less than3d (Supplemental Figure 6C).BecauseSAaccumulation
significantly increases in response to long-term cold treatment of
more than 1 week (Kim et al., 2013; Scott et al., 2004), long-term
cold treatment might have the same effect on Arabidopsis plants
as SA. Indeed, most of the genes responsive to cold treatment for
more than 3 d were also SA-inducible genes. Next, we analyzed
the enrichment of hexamer motifs in the promoters of the top
100 of up- and downregulated genes in the sextuple mutant
(Maruyama et al., 2012). Among the top 10 overrepresented
hexamer sequences in the promoters of the upregulated genes,
two sequences contained a TGAC core sequence in the W-box
involved in SA-responsive gene expression. In contrast, among
the top 10 overrepresented hexamer sequences in the down-
regulated genes, two contained the CGCG core sequence of the
CGCG-box (Supplemental Table 2).

camta Mutant Plants Grown on Agar Plates and in Soil Pots
Showed Different Characteristics

The camta123456 and camta23 mutants grown in soil pots ex-
hibited severe growth retardation and early leaf senescence, but
camta35did not. In contrast, none of the testedmutants grown on
agar plates had any visible phenotypic alterations (Figure 4A). We
examined the expression of the 6 CAMTA genes in wild-type
plants and found that these genes were expressed in both plants
grown in soil pots and plants grown on agar plates (Supplemental
Figure 7). Then, the expression of DREB1s was assessed under
cold conditions in wild-type and mutant plants grown in soil pots
and on agar plates (Figure 4B). In camta123456 and camta35
mutant plants grown in soil pots, the cold-inducible expression of
DREB1Bwas markedly decreased compared with that in the wild
type, but in those grown on agar plates, expression of DREB1B
under cold conditions remained at a low level in all wild-type and
mutant plants. Similar results were obtained with the cold in-
duction ofDREB1C, but its relative expression levels in the camta
mutantswerehigher than thoseofDREB1B. Bycontrast,DREB1A
was strongly induced by cold stress in both the wild-type and
mutant plants, regardless of the growth conditions. These results
indicate that the CAMTA3 and CAMTA5 proteins function as
positive regulators of DREB1B and DREB1C expression under
cold conditions in plants grown in soil pots but not in those grown
on agar plates. We also analyzed EDS1, ICS1, PR1, and XTH31
expression in wild-type and camta mutant plants grown on agar

Figure 3. (continued).

(C)Expression levels of theDREB1genes in response to cold stress in plants grown in soil pots. Three-week-old plants grown in soil pots under a12-h-light/
12-h-dark cycle at 22°Cwere immediately cooled to 4°C for 3 h beginning at ZT2. The transcript levels of each gene in the plants before (C) and after (L) the
cold treatmentweremeasuredbyRT-qPCR. The values represent the average of three technical replicates, and the error bars indicate the SD. The transcript
level in thewild-type (WT) plants after the cold treatment was set to 100. The asterisks indicate significant differences (*P < 0.05 and **P < 0.01 according to
Student’s t test) in the expression of each gene compared with that in the wild-type plants after the cold treatment in three biological replicates using the
plants sampled at different times.
(D) Expression levels of the EDS1, ICS1, PR1, and XTH31 genes in plants grown in soil pots at 22°C. The transcript level of each gene under unstressed
conditionswasmeasuredbyRT-qPCR.Thevalues represent theaverageof three technical replicates, and theerrorbars indicate theSD.The transcript levels
in the wild type (XTH31) or camta sextuple mutant plants (others) were set to 100. The letters above the bars indicate significant differences (P < 0.01
according to the Tukey-Kramer method) in the expression of each gene in three biological replicates using the plants sampled at different times.
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Figure 4. Analyses of Sextuple Mutants of the CAMTA Family Genes Grown on Agar Plates or in Soil Pots.

(A)Growth of sextuplemutants of theCAMTA family genes grownon agar plates or in soil pots. The seedlingswere grown for 2weeks in soil pots or on agar
plates. Bars = 1 cm.
(B) Expression levels of theDREB1 genes under unstressed or cold stress conditions. Three-week-old plants grown in soil pots (soil) or on agar plats (agar)
under a12-h-light/12-h-darkcycle at 22°Cwere immediately cooled to4°C for 3hbeginningatZT2. The transcript levelsof eachgene in theplantsbefore (C)
andafter (L) thecold treatmentweremeasuredbyRT-qPCR.Thevalues represent theaverageof three technical replicates, and theerror bars indicate the SD.
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plates. Expression of EDS1, ICS1, and PR1 in all plants grown on
agar plates remained lowand expression ofXTH31 in those plants
was high, in contrast with their expression in the mutant plants
grown in soil pots (Figure 4C). Thus, EDS1, ICS1, and PR1 were
repressed and XTH31was expressed in the plants grown on agar
plates, regardless of the presence of the CAMTA genes. Con-
sidering that the CAMTA proteins did not function in the plants
grown on agar plates, it is possible that the closed small space
affected their activity. Therefore, we next measured the time
courses of the temperature decreases around the plants grown in
soil pots and on agar plates after transferring them from 22°C to
4°C. The temperature around the plants grown in soil pots rapidly
decreased, and that around theplantsgrownonagarplatesslowly
decreased (Figure 4D).

CAMTA Proteins Function in Cold-Inducible Expression of
DREB1B in Response to Rapid Temperature Decrease

To confirm the effect of the rate of temperature decrease on
CAMTA activity, wild-type and mutant plants were subjected to
two different cold stress treatments (Figure 5A). For one, plants
grown in soil pots were directly transferred from 22°C to 4°C
(rapid), and for the other, plants grown in soil pots were gradu-
ally transferred from 22°C to 4°C, with a decrease of 3°C every
10min (slow).DREB1B expression was significantly induced at 1,
2, and 3 h in response to the rapid cold treatment, and its cold-
inducible expression was markedly suppressed in camta123456
and camta35, whileDREB1A expression was strongly induced by
this treatment in both the wild-type and camta mutant plants
(Figure 5B). During the slow cold treatment, expression ofDREB1B
was markedly decreased in both the wild-type and camta mutant
plants, and that of DREB1A was maintained at a high level (Figure
5B). Expression ofDREB1Bwas also decreased in response to the
rapid cold treatment in the camta3 and camta5 single mutants, but
not in the camta4 mutant, compared with that in the wild type. In
contrast, expression ofDREB1Awas similarly induced by the rapid
cold treatment in both the wild type and these three camta single
mutants (Supplemental Figure 8). Thus, DREB1B expression was
mainly regulated by CAMTA3 and CAMTA5, which were activated
by the rapid decrease but not by the slow decrease in temper-
ature, whereasDREB1A expressionwas not regulated byCAMTA
proteins and was induced by both rapid and slow temperature
decreases.

To verify these findings pertaining toDREB1 expression, plants
grown on agar plates were transferred from 22°C to 4°C and
maintained forspecificdurationsonagarplateswithout lids,which
resulted in strong induction of the cold-inducible expression of

DREB1B but slight increase in its expression in plants grown on
agar plates with closed lids (Supplemental Figure 9). In addition,
DREB1A was expressed in the plants grown on agar plates both
with andwithout lids under cold conditions.Moreover, to examine
the temperature dependency of the cold induction ofDREB1s, the
wild-type and camta sextuple mutant plants grown in soil pots
were immediately transferred to various temperatures. DREB1A,
DREB1B, and DREB1C expression was first observed at 10°C,
and it continuously increased up to 4°C (Supplemental Figure 10).
In addition, expression of DREB1B and DREB1C was reduced to
low levels in camta123456, but that of DREB1A was not.

Effects of Circadian Rhythm on the Cold-Inducible
Expression of DREB1s in Response to a Rapid
Temperature Decrease

Then, the effect of circadian rhythm on the cold-inducible ex-
pression of DREB1s was assessed in the wild-type and camta
mutant plants. Plants grown in soil pots under a 12-h light/12-h
dark cycle for 3 weeks were transferred to continuous light
conditions and exposed to a rapid temperature decrease be-
ginning at zeitgeber time (ZT) 26 or ZT38 (Supplemental Figure
11A). Inboth thewild-typeandmutantplants,DREB1Aexpression
was strongly induced after initiation of the cold treatment at ZT26
during the subjective day, but its expression was very low after
initiation of the cold treatment at ZT38 during the subjective night.
In contrast, DREB1B expression was strongly induced after ini-
tiation of the cold treatment at both ZT26 and ZT38, especially
after 1 h of treatment, but this cold-inducible expression was
markedly suppressed in camta35 and camta123456. DREB1C
expression exhibited characteristics of both DREB1A and
DREB1B expression, with reduced expression in camta35 and
camta123456 in both subjectiveday andnight comparedwith that
in the wild-type plants and lower levels of expression in the
subjective night compared with those in the subjective day.
Furthermore, cold-inducible DREB1 expression was assessed

at several time points in camta35 and wild-type (Col-0) plants
following transfer to free-running conditions (Figure 6). Three-
week-old plants grown in soil pots under a 12-h-light/12-h-dark
cycle were transferred to continuous light conditions, and cold
treatmentswere initiated every 4h fromZT2 toZT46by immediate
cooling to 4°C and incubation for 1 h at each time point. RT-qPCR
analyses indicated that DREB1A expression in response to the
rapid temperature decrease was highly induced during the sub-
jective day but that it decreased to low levels during the subjective
night. However, its cold-inducible expression during the sub-
jective day was not significantly reduced in camta35. In contrast,

Figure 4. (continued).

The transcript levels in the wild-type plants after the cold treatment were set to 100. The letters above the bars indicate significant differences (P < 0.01
according to the Tukey-Kramer method) in the expression of each gene in three biological replicates using the plants sampled at different times.
(C)Expression levels of theEDS1, ICS1,PR1, andXTH31genesunder unstressedconditions. The transcript level of eachgenewasmeasuredbyRT-qPCR.
The values represent the average of three technical replicates, and the error bars indicate the SD. The transcript levels in the wild type (XTH31) or camta
sextuplemutantplants (others) grown in soil potswereset to100.The lettersabove thebars indicatesignificantdifferences (P<0.01according to theTukey-
Kramer method) in the expression of each gene in three biological replicates using the plants sampled at different times.
(D) Temperatures around the plants grown in soil pots and on agar plates.
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DREB1B was highly expressed in response to the cold treatment
during both the subjective day and night, and its expression was
clearly decreased in camta35 at all time points. DREB1C was
expressed in a circadian manner, but its expression was higher
than that of DREB1A during the subjective night. Moreover,

DREB1C expression was significantly decreased in camta35 at
all time points. As the cold-inducible expression of DREB1s has
been reported to be reduced in cca1 lhy double mutant plants
(Dong et al., 2011), we further analyzed the expression of
DREB1s in cca1 lhy (Figure 6). The cold-inducible expression of
DREB1A and DREB1C at ZT6, ZT10, and ZT30 was lower in the
mutant than in the wild type (Wassilewskija), but obvious ex-
pression of both genes was still detected in the mutant, sug-
gesting that other factors are also involved in their expression.
However, DREB1B expression was not significantly altered in
cca1 lhy, in contrast to the findings of a previous study (Dong
et al., 2011). The same treatments were performed after the
diurnal cycle on plants grown under a 12-h-light/12-h-dark
photoperiod fromZT2 to ZT22, and similar results were obtained
(Supplemental Figure 11B). These data indicate that CAMTA3
and CAMTA5 function in the cold-responsive expression of
DREB1B and DREB1C during the day and night in response to
a rapid temperature decrease and that CCA1/LHY and other
factors are involved in the cold-responsive expression of
DREB1A and DREB1C during the day.

DISCUSSION

In this study, we analyzed the cold-responsive expression of
DREB1susingvariousCAMTAmutants, includingacamta123456
sextuple mutant lacking all CAMTA family genes, and found that
each DREB1 gene is differentially controlled by CAMTA proteins
under cold stress conditions (Figures 3 and 5). The cold-inducible
expression of DREB1B was mainly regulated by CAMTA3 and
CAMTA5,butDREB1Aexpressionwas regulatedbyclock factors,
such as CCA1/LHY. Importantly, comparison of the results of
expression analyses of DREB1A and DREB1B in plants grown in
soil pots and on agar plates demonstrated that the plants rec-
ognized the changes in the temperature decrease rates (Figures 5
and 6). DREB1B expression was mainly induced by a rapid
temperature decrease, i.e., a direct change from 22°C to 4°C, but
not by a slow decrease, i.e., a gradual change from 22°C to 4°C,
with a 3°C decrease every 10min. These findings suggest that the
CAMTA proteins are activated by a rapid temperature decrease
but not by a slow decrease. In contrast, DREB1A expression was
induced in response to both rapid and slow temperature de-
creases. Thus, this research has highlighted that plants respond
differently to rapid and gradual temperature decreases, with in-
duction of the expression of different DREB1 genes encoding
main switches of the cold stress response. Plants recognize cold
stress as twodifferent signals, a low temperature of less than10°C
and a sudden drop in temperature to less than 10°C, and two
different signaling pathways function in response to these grad-
ual and rapid temperature decreases (Figure 7). It is possible
that two different sensing systemsmay function in the recognition
of cold stress in plants. A number of factors that function in
the cold-responsive expression of DREB1s have been identified
(Chinnusamy et al., 2003; Doherty et al., 2009; Kidokoro et al.,
2009; Nakamichi et al., 2009; Dong et al., 2011; Jeon and Kim,
2013), making it difficult to elucidate the molecular mechanisms
underlying the regulation of cold-responsive gene expression
(Zhao et al., 2015). These complex mechanisms may be further

Figure 5. Expression Levels of the DREB1A and DREB1B Genes in Re-
sponse to Rapid and Slow Temperature Decreases.

(A) A schematic diagram of the temperatures around the plants during the
rapid and slow temperature decreases. Three-week-old seedling of the
wild-type and camta mutant plants grown in soil pots were immediately
cooled from22°C to 4°C (rapid) or were gradually cooled from22°C to 4°C,
with a decrease of 3°C every 10 min (slow). These cold treatments were
started at ZT2.
(B) Expression levels of the DREB1 genes under the two different cold
stress treatments. The transcript level of each gene in the plants treated for
the indicated duration (0, 1, 2, 3, or 6 h) after the temperature began to
decreasewasmeasured byRT-qPCR. The values represent the average of
three technical replicates, and the error bars indicate the SD. Themaximum
expression level of each gene in the wild-type plants exposed to a rapid
temperature decrease was set to 100. The asterisks indicate significant
differences (*P < 0.05 and **P < 0.01 according to Student’s t test) in the
expressionof each gene comparedwith that in thewild-type plants at each
timepoint in threebiological replicatesusing theplantssampledatdifferent
times.
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clarified by distinguishing between these two types of cold stress
signals.

During the season change from autumn to winter, the tem-
perature gradually drops, with repeated rises and falls. Eventually,
when it falls under 10°C, DREB1A is expressed and induces
downstream target genes to enhance freezing stress tolerance.
However,DREB1A is repressed during the night (Figures 6 and 7),
despite the lower temperature comparedwith during the daytime,
and its expression may be mainly regulated by central oscillators
of the circadian clock, such as CCA1 and LHY, which are ex-
pressed in the morning and repressed in the evening (Nagel et al.,
2015). In contrast,DREB1B andDREB1C expression is regulated
by the CAMTA transcription factors and is induced by rapid
temperature decreases during both the day and night (Figures 6;
Supplemental Figure 6). Thus, plants are thought to use at least
two different signaling pathways to respond to the sudden drop in
temperature that occurs during the night and under abnormal
weather conditions and to the gradual temperature decrease
that occurs with the change in seasons from autumn to winter.
The circadian clock is likely involved in the regulation of cold-
responsive gene expression during the season change because
it can recognize the photoperiod. From autumn to winter, the
daylength gradually decreases, but during the spring, it pro-
gressively increases. Expression of DREB1s in short-day (8-h
photoperiod) plants has been shown to be 3- to 5-fold higher

comparedwith that in long-day (16-hphotoperiod) plants (Leeand
Thomashow, 2012). Therefore, plantsmayexpress cold-inducible
genes at higher levels to enhance freezing stress tolerance during
the winter.
The CAMTA proteins are considered to be involved in Ca2+

signaling because they contain conserved calmodulin binding
sites (Bouchéet al., 2002). AtSR1/CAMTA3hasbeenshown toact
as a repressor of SA signaling (Du et al., 2009). Ca2+/calmodulin
binding to AtSR1/CAMTA3 has been reported to be required for
the suppression of SA biosynthesis-related genes. In addition,
CAMTA1 and CAMTA2 have been demonstrated to function to-
gether with CAMTA3 at warm temperatures to repress the ex-
pression of genes related toSAbiosynthesis in a study comparing
double and triple mutants of CAMTA1-3 (Kim et al., 2013). In this
study, we showed that CAMTA3 plays an important role and that
CAMTA2 has a minor role in the suppression of SA biosynthesis
using CAMTA quintuple mutants (Figure 3). Although CAMTA1
may also function in this process, its effect is likely weaker
compared with CAMTA2 and CAMTA3. On the other hand, we
have revealed that CAMTA3 and CAMTA5 are important tran-
scriptional activators that regulate the cold-inducible expression
of DREB1B and DREB1C. CAMTA3 functions in the two key
regulatory systems, but CAMTA2 and CAMTA5 function in only
one system each, namely, SA signaling and the cold stress re-
sponse, respectively. Asexpressionof theCAMTA3andCAMTA5

Figure 6. Effects of Circadian Clock on Expression of the DREB1 Genes in Response to a Rapid Temperature Decrease.

Three-week-old plants grown in soil pots under a 12-h-light/12-h-dark cycle were transferred to free-running conditions under continuous light, and cold
treatments were initiated every 4 h fromZT2 to ZT46 by immediate cooling to 4°C and incubation for 1 h at each time point. Several plants were treated and
harvested at each time point. The transcript level of each gene in the plants treated at 4°Cwasmeasured by RT-qPCR. The values represent the average of
three technical replicates, and the error bars indicate the SD. The transcript levels in thewild type plants (Col-0 orWassilewskija) before the cold treatment at
ZT2 were set to 1. The asterisks indicate significant differences (*P < 0.05 and **P < 0.01 according to Student’s t test) in the expression of each gene
compared with that in the wild-type plants at each time point in three biological replicates using the plants sampled at different times.
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genes is not induced by cold stress, it is important to analyze their
activationmechanisms in response tocold stress.Requirement of
Ca2+ signaling for the regulation of CAMTA activity has not been
observed in the cold stress response, but because the calmodulin
binding site is alsoconserved inCAMTA5and involvementofCa2+

signaling has been reported in the cold stress response, Ca2+

signaling may also be important for the regulation of cold-
responsive CAMTA activity (Townley and Knight, 2002; Liu et al.,
2015). However, it remains unclear how Ca2+ signaling affects
CAMTA protein activity in relation to cold stress-responsive gene
expression. Further analysis is required to verify the roles of Ca2+

signaling in the cold stress response.
The results of transcriptome analysis using the camta123456

mutant revealed the upregulation of many SA-inducible genes
(Supplemental Figure 6). BecauseCAMTA2 andCAMTA3 repress
the expression of SA synthesis-related genes, such as EDS1 and
ICS1 (Duet al., 2009;Kimet al., 2013), SAwas likely synthesized in
the sextuple mutant that lacked these CAMTA genes, which re-
sulted in the upregulation of SA-inducible genes. In fact, the
W-box, the binding site of WRKY transcription factors involved in

SA-related gene expression, was detected among the top
10 overrepresented hexamer sequences in the promoters of the
upregulated genes (Supplemental Table 2). In contrast, the DRE,
the binding site of DREB1s, was not observed among the over-
represented hexamers in these promoters. Because transcrip-
tional activators other than the CAMTA proteins, such as CCA1/
LHY, function in the inductionofDREB1s, the lackofCAMTAswas
compensated for by these transcription factors; thus, it did not
affect the expression of cold-inducible DREB1 target genes in
camta123456.
CCA1/LHY have been shown to regulate gene expression only

during the day, as demonstrated by their expression patterns
(Dong et al., 2011; Nagel et al., 2015; Kamioka et al., 2016). A
previous transcriptome analysis using the prr5/7/9 triple mutant
has revealed that expression of the DREB1A, DREB1B, and
DREB1C genes is upregulated under cold conditions, especially
during the night (Nakamichi et al., 2009), because PRR5/7/9 are
expressed during the evening and suppress the expression of
CCA1/LHY. DREB1A and DREB1C contain an evening element
(AAATATCT), which is a CCA1/LHY binding site, near the TATA
boxes in their promoters, and DREB1B contains an evening
element at ;350 bp upstream of the TATA box in its promoter.
Therefore, it seems that DREB1A and DREB1C are strongly and
DREB1B is weakly regulated by CCA1/LHY. We detected their
certain involvement in the cold-responsive expressionofDREB1A
andDREB1Cusingcca1 lhy (Figure6).However, thesegeneswere
still expressed in cca1 lhy, although their expression was signifi-
cantly reduced. Moreover, the cold-responsive expression of
DREB1Bwasnotclearly altered incca1 lhy, incontrast toaprevious
study (Dong et al., 2011) that showed that the expression of
DREB1A/CBF3, DREB1B/CBF1, and DREB1C/CBF2 is nearly
absent in cca1 lhy. These discrepancies between this previous
study and our findings might be attributable to differences in ex-
perimental conditions. Because the CCA1/LHY proteins are
expressed during the daytime, even at normal temperatures,
a mechanism should exist that suppresses the expression of
DREB1s at normal temperatures. This negative regulatory system
might be essential for their expression, activated by not onlyCCA1/
LHY but also CAMTAs, to precisely regulate cold-specific gene
expression. It is necessary to analyze proteins that interact with
CCA1/LHY and CAMTAs and their modifications, such as phos-
phorylation, to elucidate themechanism underlying suppression of
the expression of DREB1 genes at normal temperatures.
In summary, we have revealed that plants recognize cold stress

as twodifferent signals, rapidandgradual temperaturedecreases,
and induce theDREB1 genes encodingmain switches of the cold
stress response (Figure 7). One signal is caused by a rapid
temperature drop to less than 10°C. In this signaling pathway,
CAMTA3 and CAMTA5 mainly function as transcriptional acti-
vators in theexpressionofDREB1BandDREB1C. Theothersignal
iscausedbyboth rapidandgradual temperaturedecreases to less
than 10°C. The central oscillator of the circadian clock, involving
CCA1/LHY, may play a role in this signaling pathway to strongly
induce the expression of DREB1A and DREB1C and weakly in-
duce the expression of DREB1B. The presence of these two
signaling pathways suggests that two different sensor systems
might function in the recognition of cold stress signals in plants.
During the day, both signaling pathways efficiently function in

Figure 7. Model of the Cold Stress Response in Arabidopsis during the
Day and Night.

Plants recognize cold stress as two different signals and induce the three
DREB1 genes encoding main switches of the cold stress response. The
DREB1genes are tandemly arrayed in theArabidopsis genome in theorder
ofDREB1B,DREB1A, andDREB1C.Oneof the signals is causedbya rapid
drop in temperature. In this signaling pathway, CAMTA3 and CAMTA5
activateexpressionofDREB1BandDREB1C. Theother signal is causedby
low temperatures in general and includes both rapid and slowdecreases in
temperature. This signal activates expression of DREB1A and DREB1C
strongly and that of DREB1B weakly. Activation of this signaling pathway
may be controlled by the central oscillator of the circadian clock, involving
CCA1 and LHY. During the day, both signaling systems efficiently function
in response to slow and rapid temperature decreases. During the evening,
only the signaling system involving CAMTAs is activated in response to
a rapid temperature decrease. The arrows indicate positive regulatory
pathways, and the question marks denote factors that remain to be
confirmed.
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response to gradual and rapid temperature decreases. During the
evening,CAMTAsareactivated in response toa rapid temperature
decrease. The clock factors could control the expression of
DREB1 genes in a photoperiod-dependent manner, resulting in
high expression during the winter and low expression during the
spring (Lee and Thomashow, 2012). Thus, plants efficiently ac-
quire freezing tolerance through two signaling pathways in re-
sponse toagradual temperaturedecreaseduringseasonchanges
and a sudden temperature drop during the night.

METHODS

Sequence Alignment and Phylogenetic Analysis

The peptide sequences of the CAMTA family proteins were obtained from
Phytozome v11.0 (https://phytozome.jgi.doe.gov/pz/portal.html). Align-
ments were performed and a phylogenetic tree was constructed using
a bootstrap test of neighbor-joiningmethodwith 1000bootstrap trials (Mizoi
et al., 2013). A text file of the alignment is provided as Supplemental File 1.

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown on peat moss in
plastic pots or on germination medium agar plates at 22 6 2°C under
a under a 12-h-light/12-h-dark cycle at a photon flux density of 50 6

10 mmol m22 s21 of white light. Three-week-old seedlings grown under
these conditions were used for the stress treatments. The cold stress
treatment was performed in an LH-1-120S incubator (NipponMedical and
Chemical Instruments). For a rapid cooling treatment, plants were directly
transferred to the incubator set at 4°C, and for a slow cooling treatment,
plants were transferred to the incubator set at 22°C, and the temperature
wasdecreasedby3°Cevery 10min. The temperaturewasmonitoredusing
a MCR-4TC thermocouple logger (T&D). The T-DNA insertion lines for the
CAMTA family genes, including SALK_108806 (camta1), SALK_139868
(camta2), SALK_001152 (camta3), SALK_087870 (camta4), SALK_134491
(camta5), SALK_078900 (camta6), and cca1-11 lhy-21 (cca1 lhy; CS9380),
were obtained from the ABRC (Alonso et al., 2003). T-DNA insertion was
confirmed by amplification of the left border flanking region of the genomic
DNA using the primer set listed in Supplemental Table 3.

Plasmid Construction

For histochemical GUS staining, 4-kb CAMTA3 and 1.5-kb CAMTA1,
CAMTA2, CAMTA4, CAMTA5, and CAMTA6 promoter fragments up-
streamof the translational start sitewereamplified fromCol-0plants.These
fragments were cloned into a pGK-GUS vector (Qin et al., 2008). For GFP
fluorescence observation, the coding sequences of six CAMTA cDNAs
were inserted into a pGKX-NsGFP or pGH-35Spro:sGFP vector (Qin et al.,
2008; Fujita et al., 2009), and for their expression, each CAMTA promoter
fragment was inserted into a pGH-35Spro:CAMTA-sGFP vector, from
which the CaMV 35S promoter had been removed. For the effector
plasmids in transactivation assay, the coding sequences of the CAMTA
proteins were PCR amplified from Arabidopsis cDNA clones using the
primers indicated in Supplemental Table 3 and cloned into the site of each
restriction enzyme of a pGKX vector (Qin et al., 2008). For gel mobility shift
assay, fragments of CAMTA5 (amino acids 1–160) and CAMTA3 (amino
acids 1–150) were each inserted into a pGEX-4T-1 vector (GE Healthcare).

RNA Preparation, RT-PCR, and RT-qPCR

Total RNAwas isolated fromArabidopsis plants usingRNAiso plus (Takara
Bio) according to the manufacturer’s instructions. cDNA was synthesized

with a High-Capacity cDNA reverse transcription kit (Applied Biosystems)
and RT-qPCR was performed using Power SYBR Green Master Mix
(Applied Biosystems) (Tanaka et al., 2012). RT-PCR was performed using
KOD FX (TOYOBO). The primers used for RT-PCR and RT-qPCR are listed
in Supplemental Table 3. In RT-qPCR analyses, triplicate measurements
were performed for each cDNA sample, and the obtained values with the
standard curve methods were normalized to those of 18S rRNA. Samples
and their technical replicates for the same time point were run on the same
plates. All experiments were performed three times, using plants sampled
at different times. Average and SD of the three biological replicates are
shown in the figures. The significance of expression changes was eval-
uated according to the expression levels of the genes calculated from the
biological replicates, using Student’s t test for comparisons between two
groups and the Tukey-Kramer method for comparisons among multiple
groups.

Histochemical GUS Staining and GFP Fluorescence Observation

Histochemical GUS staining was performed as previously described (Qin
et al., 2008). GUS staining was observed using an M205C stereomicro-
scope and aDFC490 digital color camera (LeicaMicrosystems). Seedlings
that expressed fluorescent proteins were observed using a confocal laser
scanning microscope (LSM5 PASCAL; Zeiss). For 49,6-diamidino-2-
phenylindole staining, 2-week-old seedlings were soaked in a 49,6-
diamidino-2-phenylindole solution (2 mg/mL) for 15 to 30 min.

Transient Expression Assays with Arabidopsis
Mesophyll Protoplasts

Transient transformation of Arabidopsis mesophyll protoplasts was per-
formed as described (Kidokoro et al., 2009). Plasmids expressing Pyr-
earinus termitilluminans luciferase (Emerald Luc; TOYOBO) under the
control of four tandem repeats of the promoter fragments of DREB1A
(2139 to274), DREB1B (2126 to262), and DREB1C (2113 to247) and
a pBI221 (35S-GUS; Takara Bio) vector were used as reporters and an
internal control, respectively.

Fusion Protein Preparation and Purification and Gel Mobility
Shift Assay

Expression and purification of theGST fusion proteins, probe labeling, and
gelmobility shift assayswereperformedaspreviously described (Kidokoro
et al., 2009) with minor modifications. The probe oligonucleotides and
mutation fragmentswerePCRamplifiedanddigested byXbaI. Amixture of
2000 dpm of 32P-labeled probe and 100 ng of the fusion proteins was
incubated for 15 min at 4°C. The reaction mixtures were resolved by
electrophoresis through a 6% polyacrylamide gel in 0.53 Tris-borate-
EDTA buffer at 150 V for 90 min. For the competition experiments, the
competitors were incubated with the fusion proteins for 5 min at room
temperature prior to the addition of labeled probes.

RNA-Seq Analysis

Total RNA was isolated from Arabidopsis plants as described above. A
RiboMinus Plant Kit for RNA-seq and Ion Total RNA-Seq Kit v2 (Thermo
Fisher Scientific) were used for the removal of rRNAs from the total RNA
samples and construction of a cDNA library, respectively. The qualities of
the totalRNAandcDNA libraryweremonitoredwithanAgilent TapeStation
(Agilent Technologies). The cDNA libraries were pooled for emulsion PCR
using an Ion PI Template OT2 200 Kit v3 (Thermo Fisher Scientific). The
samples were loaded onto an Ion Proton PI chip v2 and sequencedwith an
IonProton instrument using an IonPI sequencing 200 kit v3 (ThermoFisher
Scientific). The raw reads from the libraries were filtered to remove adaptor

Two Cold Signaling Pathways in Plants 771

https://phytozome.jgi.doe.gov/pz/portal.html
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00669/DC1


sequences and low-quality bases, and the clean reads from each library
were mapped to the reference Arabidopsis genome (TAIR 10) using CLC
GenomicsWorkbench (version 8.0; CLCBio). Gene expression levelswere
measured by RPKM (reads per kilobase of the transcript per million
mapped reads) values for assessment. Twobiological replicates of thewild
type and camta sextuple mutants were used for cDNA library construction
and sequencing. To obtain statistical confirmation of the differences in
gene expression, we compared the RPKM values using Pearson’s x2 test.
The raw sequence reads were deposited into National Center for Bio-
technology Information (http://www.ncbi.nlm.nih.gov/) under accession
number PRJNA326982. Overrepresentation analysis of the hexamer se-
quences in the promoters of the up- and downregulated genes was per-
formed as described previously (Maruyama et al., 2012).
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