The Plant Cell, Vol. 25: 2907-2924, August 2013, www.plantcell.org © 2013 American Society of Plant Biologists. All rights reserved.

Jasmonate Regulates the INDUCER OF CBF
EXPRESSION-C-REPEAT BINDING FACTOR/DRE
BINDING FACTOR1 Cascade and Freezing
Tolerance in Arabidopsis”

Yanru Hu,?® Liqun Jiang,®P Fang Wang,? and Diqiu Yu?-1

aKey Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Kunming,
Yunnan 650223, China
b University of Chinese Academy of Sciences, Beijing 100049, China

The INDUCER OF CBF EXPRESSION (ICE)-C-REPEAT BINDING FACTOR/DRE BINDING FACTOR1 (CBF/DREB1) transcriptional
pathway plays a critical role in modulating cold stress responses in Arabidopsis thaliana. Dissecting crucial upstream regulatory
signals or components of the ICE-CBF/DREB1 cascade will enhance our understanding of plant cold-tolerance mechanisms.
Here, we show that jasmonate positively regulates plant responses to freezing stress in Arabidopsis. Exogenous application of
jasmonate significantly enhanced plant freezing tolerance with or without cold acclimation. By contrast, blocking endogenous
jasmonate biosynthesis and signaling rendered plants hypersensitive to freezing stress. Consistent with the positive role of
jasmonate in freezing stress, production of endogenous jasmonate was triggered by cold treatment. In addition, cold induction
of genes acting in the CBF/DREB1 signaling pathway was upregulated by jasmonate. Further investigation revealed that several
JASMONATE ZIM-DOMAIN (JAZ) proteins, the repressors of jasmonate signaling, physically interact with ICE1 and ICE2
transcription factors. JAZ1 and JAZ4 repress the transcriptional function of ICE1, thereby attenuating the expression of its
regulon. Consistent with this, overexpression of JAZ1 or JAZ4 represses freezing stress responses of Arabidopsis. Taken
together, our study provides evidence that jasmonate functions as a critical upstream signal of the ICE-CBF/DREB1 pathway

to positively regulate Arabidopsis freezing tolerance.

INTRODUCTION

Temperatures outside an organism’s optimal tolerance range
are regarded as a major environmental stress. Extreme low
temperature disrupts cellular homeostasis and severely impairs
plant growth and development. To tolerate cold stress, plants
have evolved sophisticated mechanisms involving altered
physiological and biochemical processes. Previous studies have
revealed that the INDUCER OF CBF EXPRESSION (ICE)-C-
REPEAT BINDING FACTOR/DRE BINDING FACTOR1 (CBF/
DREB1) transcriptional cascade plays a critical role in the
cold-response pathways in Arabidopsis thaliana (Thomashow,
1999; Chinnusamy et al., 2007). ICE1, a basic helix-loop-helix
(bHLH) transcription factor, directly binds to cis-elements
(CANNTG) in the CBF3/DREB1a promoter (Chinnusamy et al.,
2003). Expression of CBF3/DREB1a and its downstream target
genes is downregulated in ice? mutants; ice? plants conse-
quently display significantly reduced cold acclimation-induced
freezing tolerance (Chinnusamy et al., 2003). Similarly, ICE2, the
homolog of ICE1, influences the expression of CBF1/DREB1b
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and participates in regulating plant cold stress responses
(Fursova et al., 2009). Moreover, the SMALL UBIQUITIN-
RELATED MODIFIER E3 ligase SIZ1 (SAP and Miz) and the
ubiquitin E3 ligase HIGH EXPRESSION OF OSMOTICALLY
RESPONSIVE GENES1 have been shown to modify ICE1
posttranslationally and function in the ICE-CBF/DREB1 sig-
naling pathway (Dong et al., 2006; Miura et al., 2007). How-
ever, whether there are other crucial regulators acting upstream
of the ICE transcription factors needs to be investigated.

In addition to the ICE-CBF/DREB1 regulatory pathway, plant hor-
mones have been demonstrated to modulate cold stress responses.
For example, low temperature induces a transient increase in levels of
the endogenous stress hormone abscisic acid (ABA), and exogenous
application of ABA enhances plant cold tolerance (Lang et al., 1994;
Mantyla et al., 1995). Jeon et al. (2010) showed that cytokinin re-
ceptors Arabidopsis HISTIDINE KINASE2 (AHK2) and AHK3 and
type-A Arabidopsis RESPONSE REGULATOR (ARR) proteins play
regulatory roles in cold stress signaling via inhibition of ABA re-
sponses. Recently, ethylene signaling was shown to negatively reg-
ulate plant freezing stress responses by repressing the expression of
CBF/DREBT1 and type-A ARR genes in Arabidopsis (Shi et al., 2012).

The phytohormone jasmonate acts as an important regulatory
signal to influence multiple plant processes. In Arabidopsis,
jasmonate is directly involved in root growth (Staswick et al.,
1992; Feys et al.,, 1994; Pauwels et al., 2010), male fertility
(McConn and Browse, 1996; Sanders et al., 2000; Stintzi and
Browse, 2000; Cheng et al., 2009), anthocyanin accumulation
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(Franceschi and Grimes, 1991; Shan et al., 2009), senescence
(Ueda and Kato, 1980; Schommer et al., 2008; Shan et al.,
2011), and defense responses (Howe et al., 1996; McConn et al.,
1997; Reymond and Farmer, 1998; Vijayan et al., 1998; Farmer,
2001; Farmer et al., 2003; Browse, 2009). Jasmonate is per-
ceived by the F-box protein CORONATINE INSENSITIVE1
(COI1), which subsequently facilitates the degradation of JAZ
proteins via the SCFCC1-26S proteasome pathway (Xu et al.,
2002; Chini et al., 2007; Thines et al., 2007; Yan et al., 2009;
Sheard et al., 2010). JAZ proteins, harboring the Jas domain, act
as repressors of jasmonate signaling via their physical inter-
actions with a wide array of transcription factors; their degra-
dation releases these factors and subsequently activates
downstream signal cascades. The bHLH transcription factors
JASMONATE INSENSITIVE1 (JIN1/MYC2), MYC3, and MYC4
function as direct targets of JAZ proteins to modulate a subset
of jasmonate-regulated responses, such as the inhibition of root
elongation and defense responses (Boter et al., 2004; Lorenzo
et al., 2004; Chini et al., 2007; Dombrecht et al., 2007; Fernandez-
Calvo et al., 2011). The essential components of WD-repeat/bHLH/
MYB transcriptional complexes, including bHLH proteins
GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3), and
TRANSPARENT TESTA8 and MYB domain proteins GLABRA1
(GL1) and MYBY75, also act as JAZ targets to mediate jasmonate-
regulated biological processes (Qi et al., 2011). In addition, two
other MYB transcription factors (MYB21 and MYB24) have recently
been identified as JAZ targets to regulate jasmonate-mediated
anther development and filament elongation (Song et al., 2011).
Although jasmonate has been implicated in cold storage of
several tropical and subtropical fruits (Gonzalez-Aguilar et al., 2000,
2004; Cao et al., 2009; Mohammad et al., 2011; Zhao et al., 2013),
the exact role played by jasmonate in mediating freezing responses
and the molecular mechanisms of these regulatory responses re-
main to be elucidated. In this study, we undertook a molecular and
genetic approach to investigate the role of jasmonate in
plant freezing stress responses. We found that exogenous appli-
cation of jasmonate significantly improved Arabidopsis freezing
tolerance, while blocking jasmonate biosynthesis and signaling
decreased plant freezing tolerance. Mechanism investigation re-
vealed that several JAZ proteins physically interact with ICE1 and
ICE2 and repress their transcriptional functions and that over-
expression of JAZ1 or JAZ4 represses responses to freezing
stress. Our results thus provide evidence that jasmonate acts as
an upstream signal of the ICE-CBF/DREB1 transcriptional path-
way to positively regulate freezing stress responses of Arabidopsis.

RESULTS

Exogenous Application of Jasmonate Enhances Plant
Freezing Tolerance

To explore the regulatory role of jasmonate in cold stress respon-
ses, we first examined whether the freezing tolerance of wild-type
plants was affected by exogenous application of jasmonate under
both nonacclimated and cold-acclimated conditions. In the presence
of methyl jasmonate (MeJA; 3 and 5 nM), the wild-type plants were
slightly smaller in size and accumulated more anthocyanin com-
pared with nontreated plants (Figure 1A). Without cold acclimation,

the survival rates of MeJA-treated plants were significantly higher
than those of control plants after exposure to freezing temper-
atures of —4 and —5°C (Figures 1A and 1B). Similarly, under cold-
acclimated conditions (2 weeks at 4°C), MeJA-treated plants
also exhibited enhanced tolerance of freezing stress; their survival
rates after freezing treatments (—8 and —9°C) were dramatically
higher than those of control plants (Figures 1A and 1C). To further
confirm the role of exogenous jasmonate on freezing tolerance, we
analyzed the performances of soil-grown wild-type plants with or
without MeJA treatments in response to freezing temperatures. As
shown in Figures 1D and 1E, MeJA-treated soil-grown plants also
displayed substantially increased tolerance to freezing stress under
both nonacclimated and cold-acclimated conditions. Consistent
with this, lower levels of relative electrolyte leakage, a parameter for
evaluation of cold-induced membrane injury (Lyons, 1973), were
observed in MeJA-treated plants than in control plants subjected to
freezing temperatures (Figure 1F). These results suggested that
jasmonate may have a positive role in modulating Arabidopsis
freezing tolerance with or without cold acclimation.

Blocking Jasmonate Biosynthesis and Signaling Renders
Plants Hypersensitive to Freezing Stress

To further determine jasmonate’s role in mediating freezing tol-
erance, we tested the involvement of jasmonate biosynthesis and
signaling in freezing stress responses. ALLENE OXIDE SYNTHASE
(AOS) and LIPOXYGENASE2 (LOX2) are key enzymes in jasmonate
synthesis, whereas JASMONATE RESISTANT1 (JAR1) carries out
a jasmonate conjugation/activation reaction (Song et al., 1993; Bell
et al., 1995; Staswick et al., 2002). With or without acclimation,
loss-of-function mutants lox2, aos, and jar1 displayed substantially
decreased tolerance of freezing temperatures compared with wild-
type plants (Figure 2A); their survival rates in response to freezing
temperatures (nonacclimated plants to —4 and —5°C and cold-
acclimated plants to —7, —8, and —9°C) were dramatically lower than
those of wild-type plants (Figures 2B and 2C). Consistent with these
phenotypes, the relative electrolyte leakage levels following freezing
(—4 and —5°C) were significantly higher in lox2, aos, and jar1 mutants
than in control plants (Figure 2D). The F-box protein COI1 is the
jasmonate receptor and a key positive regulator in the jasmonate
signaling pathway (Xie et al., 1998; Yan et al., 2009). Freezing tol-
erance assays showed that disruption of COI1 rendered plants
hypersensitive to freezing stress under both nonacclimated and cold-
acclimated conditions compared with wild-type plants (Figures 2B to
2E). To further corroborate the biological role of jasmonate in mod-
ulating freezing tolerance, we analyzed the performances of soil-
grown mutants under freezing stress. As shown in Figures 2F to 2H,
with or without cold acclimation, the soil-grown mutants were also
more sensitive to freezing temperatures than the wild-type plants.
Taken together, these observations indicate that jasmonate
biosynthesis and signaling positively regulate Arabidopsis freezing
tolerance under both nonacclimated and cold-acclimated conditions.

Cold Stress Induces an Increase in Endogenous
Jasmonate Levels

Having ascertained that jasmonate is involved in plant freezing
tolerance, we then asked whether endogenous jasmonate production
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Figure 1. Effect of Exogenous Jasmonate on Plant Freezing Tolerance.

(A) Freezing phenotypes of 12-d-old wild-type seedlings grown on MS medium or MS medium containing 3 or 5 pM MeJA. Nonacclimated (NA)
seedlings were treated at —5°C for 1 h, and cold-acclimated seedlings (CA; 2 weeks at 4°C) were exposed to —9°C for 1 h, followed by recovery at 22°C
for 4 d. Experiments were performed three times with similar results.

(B) Survival rates of nonacclimated plants after exposure to indicated freezing temperatures. Error bars show sb from three replicates. MS, seedlings
grown on MS medium.

(C) Survival rates of cold-acclimated (2 weeks at 4°C) plants after exposure to indicated freezing temperatures. Error bars show sp from three replicates.
(D) Freezing phenotypes of soil-grown plants with or without jasmonate treatment. Eighteen-day-old soil-grown plants were treated with water (Mock)
or 30 pM MeJA. Nonacclimated plants were treated at —5°C for 1.5 h, and cold-acclimated plants (2 weeks at 4°C) were exposed to —9°C for 1.5 h,
followed by recovery at 22°C for 7 d. Experiments were performed three times with similar results using over 100 plants per treatment.

(E) Survival rates of nonacclimated and cold-acclimated (2 weeks at 4°C) soil-grown plants with or without jasmonate treatment after exposure to the
indicated freezing temperatures. Error bars show sp from three replicates. Soil, plants grown in soil.

(F) lon leakage assays of plants treated with indicated freezing temperatures. Error bars show sp from three replicates. *Differences between MeJA-
treated plants and control plants are significant (P < 0.05). **Differences between MeJA-treated plants and control plants are highly significant (P < 0.01).

is affected by cold stress. To test this, we measured jasmonate indicate that cold stress triggers the accumulation of endoge-
production in wild-type plants following cold treatment. As nous jasmonate in Arabidopsis.

shown in Figure 3A, endogenous jasmonate production was
induced by cold treatment. To further understand the effect of
cold stress on jasmonate production, we examined the ex-
pression of several genes encoding critical enzymes for jasm-
onate biosynthesis. As shown in Figure 3B, expression of Currently, the best understood freezing tolerance pathway is the
analyzed genes was upregulated by cold stress. These results CBF/DREBH1 transcriptional regulatory cascade. As jasmonate is

Cold Induction of CBF/DREB1 and Their Targets Is
Upregulated by Jasmonate
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Figure 2. Freezing Tolerance of Mutants Involved in Jasmonate Biosynthesis and Signaling.

(A) Freezing phenotypes of MS medium-grown lox2, aos, and jar? mutant plants with or without cold acclimation. Nonacclimated (NA) 12-d-old
seedlings were treated at —4°C for 1 h, and cold-acclimated seedlings (2 weeks at 4°C) were exposed to —8°C for 1 h, followed by recovery at 22°C for
4 d. Experiments were performed three times with similar results. WT, the wild type.

(B) and (C) Survival rates of various nonacclimated (B) and cold-acclimated (C) mutant plants after exposure to indicated freezing temperatures. Error
bars show sb from three replicates. CA, cold-acclimated (2 weeks at 4°C); MS, seedlings grown on MS medium; NA, nonacclimated.

(D) lon leakage assays of mutants treated with indicated freezing temperatures. Error bars show sb from three replicates.

(E) Freezing phenotypes of coif-1 and coif-2 mutants with or without cold acclimation. Nonacclimated 12-d-old seedlings were treated at —4°C for 1 h, and cold-
acclimated (2 weeks at 4°C) seedlings were exposed to —8°C for 1 h, followed by recovery at 22°C for 4 d. Experiments were performed three times with similar results.
(F) Freezing phenotypes of various soil-grown mutants with or without cold acclimation. Nonacclimated 18-d-old soil-grown seedlings were treated at
—3 or —4°C for 1.5 h, and cold-acclimated seedlings (2 weeks at 4°C) were exposed to —7 or —8°C for 1.5 h, followed by recovery at 22°C for 7 d.
Experiments were performed three times with similar results using over 100 plants per treatment.

(G) and (H) Survival rates of various nonacclimated (G) and cold-acclimated (H) soil-grown mutant plants after exposure to indicated freezing tem-
peratures. Error bars show sp from three replicates. CA, cold-acclimated (2 weeks at 4°C); NA, nonacclimated; Soil, seedlings grown in soil. *Differences
between the mutant and the wild type are significant (P < 0.05). **Differences between the mutant and the wild type are highly significant (P < 0.01).
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Figure 3. Effect of Cold Stress on Production of Endogenous Jasmonate.

(A) Cold-stress induction of endogenous jasmonate production. Eighteen-
day-old soil-grown wild-type plants were treated at 4°C or kept at 22°C.
Endogenous jasmonate levels were measured at various time points. FW,
fresh weight.

(B) Expression of genes involved in jasmonate biosynthesis under cold
stress. Eighteen-day-old wild-type plants were treated at 4°C for the
indicated time periods. Transcripts were measured by gRT-PCR. Error
bars show sb from three independent RNA extractions.

involved in plant freezing stress responses, we queried whether
jasmonate regulates the CBF/DREB1 cold signaling pathway.
Initially, we analyzed expression levels of CBF/DREB1 genes
and several of their targets, including RESPONSIVE TO DESSI-
CATION29A (RD29A), RD29B, COLD REGULATED15B (COR15b),
COR414, COR47, and KIN1, in response to jasmonate treatment
under cold stress. The results shown in Figure 4 demonstrate that
cold-induced expression levels of CBF/DREB1 and their target
genes were significantly upregulated by jasmonate. To confirm the
regulatory effect of jasmonate on the CBF/DREB1 pathway, we also
detected expression of CBF/DREB1 and their target genes in coi1-1
mutants. The base expression levels of these cold-responsive
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genes, compared with wild-type plants, were generally low and
unaltered in coi7-1 mutants (Figure 4). Under cold stress, how-
ever, transcripts of CBF/DREB1 and their target genes were
reduced in coi7-1 mutants compared with those in wild-type
plants (Figure 4; see Supplemental Figure 1 online). To further
investigate whether jasmonate affects all cold-regulated gene
expression, we analyzed the expression of several cold-
responsive genes acting in ABA or cytokinin signaling pathway
and those associated with the synthesis of soluble sugars
(functioning as cryoprotectant molecules) in coi7-1 mutants,
such as ABSCISIC ACID RESPONSIVE ELEMENT BINDING
FACTORT1 (ABF1), ARR5, and SUCROSE SYNTHASE. As shown
in Supplemental Figure 2 online, their transcripts were not af-
fected in coi7-1 mutants under cold stress, compared with those
in wild-type plants. Taken together, these results indicate that
jasmonate positively regulates the CBF/DREB1 transcriptional
regulatory pathway in Arabidopsis.

JAZ Proteins Physically Interact with ICE1 and ICE2

To understand how jasmonate modulates the CBF/DREB1
cascade and freezing tolerance, we used the yeast two-hybrid
system to identify potential downstream transcription factors of
JAZ repressors. The full-length of JAZ1 was fused to the Gal4
DNA binding domain of the bait vector (BD-JAZ1). After
screening, three independent clones encoding ICE1 were iden-
tified by prototrophy for His and Ade. To confirm the interaction,
the full-length coding sequence (CDS) of ICE1 was cloned and
introduced into the prey vector (AD-ICE1). The bait and prey
vectors were cotransformed into yeast and the protein—protein
interaction was reconstructed (Figure 5A). To confirm whether
JAZ1 specifically interacts with ICE1, we also analyzed its in-
teraction with the homolog of ICE1, ICE2. As shown in Figure
5A, JAZ1 also interacts with ICE2 in the yeast two-hybrid sys-
tem. We further investigated interactions of ICE1 and ICE2 with
all 12 Arabidopsis JAZ proteins in the yeast two-hybrid system.
Besides JAZ1, ICE1 also strongly interacted with JAZ4 and
JAZ9, and slightly interacted with JAZ3 and JAZ11 (Figure 5A).
Similarly, ICE2 also interacted with JAZ4 and JAZ9 in yeast
(Figure 5A). As a control, we examined the expression levels of
the 12 BD-JAZ fusion proteins by immunoblot analysis, finding
that all BD-JAZ fusion proteins were expressed in yeast (see
Supplemental Figure 3 online).

Interactions of JAZ proteins with ICE1 and ICE2 in planta were
further corroborated by bimolecular fluorescence complemen-
tation (BiFC) and coimmunoprecipitation (ColP) assays. JAZ1
and JAZ4 were used as representatives in the BiFC and ColP
assays. For the BiFC assays, JAZ proteins were fused to the
C-terminal yellow fluorescent protein (YFP) fragment (JAZ-cYFP)
and ICE factors to the N-terminal YFP fragment (ICE-nYFP).
When fused JAZ1-cYFP was coexpressed with ICE1-nYFP or
ICE2-nYFP in leaves of tobacco (Nicotiana benthamiana), the
YFP signal was detected in the nuclear compartment of trans-
formed cells, as revealed by staining with 4',6-diamidino-2-
phenylindole (Figure 5B). Similar results were also observed for
interactions of JAZ4 with ICE1 and ICE2 (Figure 5B). No fluo-
rescence was detected in negative control experiments in which
either JAZ-cYFP was coexpressed with unfused nYFP or unfused
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Figure 4. Expression of CBF/DREBT1 and Their Regulons in Response to Jasmonate under Cold Stress.

Eighteen -day-old wild-type (WT) and coi7-1 mutant plants were treated at 4°C with water or 100 uM MeJA for the indicated time periods. Error bars

show sp from three independent RNA extractions.

cYFP was coexpressed with ICE-nYFP (Figure 5B). In addition to
the BiFC assays, JAZ-ICE interaction was verified by ColP assays
using plant total protein (Figure 5C). Taken together, these results
demonstrate that ICE1 and ICE2 interact with JAZ proteins in
plant cell nuclei, implying that ICE1 and ICE2 function as direct
targets of JAZ proteins.

The C-Terminal Fragment of ICE1 and the Jas Domain of
JAZ1 Are Responsible for the Interaction

To investigate which region of ICE1 is required for interaction with
JAZ proteins, we fused five truncated ICE1 variants to the Gal4
activation domain of the prey vector. The interaction between these
derivatives and JAZ proteins was then assayed using the yeast
two-hybrid system. As shown in Figure 6A, deletion of the
N-terminal 260 residues of ICE1 (AD-ICE1, A1-260) did not affect
its interactions with JAZ1 and JAZ4. By contrast, deletion of the
C-terminal of ICE1 (AD-ICE1, A261-494) completely eliminated

the interactions between ICE1 and JAZ proteins (Figure 6A; see
Supplemental Figure 4A online). This finding demonstrates that
the C-terminal domain of ICE1 is essential for the interaction with
JAZ proteins. Further mapping revealed that the 74 amino acids
at the C-terminal end are specifically responsible for the interaction
because a derivative with amino acids 261 to 420 deleted from the
C terminus of ICE1 could still interact with JAZ proteins (Figure 6A;
see Supplemental Figure 4A online).

To identify the JAZ1 region responsible for the interaction with
ICE1 and ICE2, we performed additional directed yeast two-
hybrid analysis. JAZ1 was divided into N-terminal (BD-JAZ1,
A121-253) and C-terminal (BD-JAZ1, A1-120) portions, and the
C-terminal part was further truncated into the Jas domain (BD-
JAZ1-Jas). The result showed that ICE1 and ICE2 interacted
with both the C-terminal portion and the Jas domain of JAZ1 in
yeast (Figure 6B; see Supplemental Figure 4B online), indicating
that the Jas domain of JAZ1 is required for the interaction with
ICE1 and ICE2.
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Figure 5. Interactions between JAZ Repressors and ICE Transcription Factors.

(A) Yeast two-hybrid assay analysis. Interaction was indicated by the ability of cells to grow on synthetic dropout medium lacking Leu, Trp, His, and
Ade. The GAL4 activation domain expressed by pGADT7 (shown as AD) was used as negative controls.

(B) BIiFC analysis. Fluorescence was observed in nuclear compartments of N. benthamiana leaf epidermal cells; the fluorescence resulted from
complementation of the N-terminal portion of YFP fused to ICE factors (ICE-nYFP) with the C-terminal portion of YFP fused to JAZ proteins (JAZ-cYFP).
No signal was observed from negative controls. DAPI, 4’,6-diamidino-2-phenylindole.

(C) ColP analysis. MYC-fused JAZ proteins were immunoprecipitated using an anti-MYC antibody, and coimmunoprecipitated ICE factors were then
detected using an anti-FLAG rabbit antibody. Protein input for MYC-JAZ proteins in immunoprecipitated complexes was also detected and shown.

JAZ Proteins Repress the Transcriptional Function of ICE1

Because JAZ proteins directly interact with ICE1 and ICE2, we
hypothesized that the physical interactions might interfere with
transcriptional function of these factors. To test this possibility,
we generated and analyzed a CBF3 promoter-driven CBF3-
green fluorescent protein (GFP) fused protein (ProCBF3-CBF3-
GFP) in a transient expression assay. When the reporter construct
was transformed into the leaves of N. benthamiana and kept at
22°C, no fluorescence signal was observed (Figures 7A and 7B).
However, if the reporter construct was induced at 4°C, fluores-
cence signals were detected in the nucleus (Figures 7A and 7B).
When ProCBF3-CBF3-GFP was coinfiltrated into N. benthamiana
leaves along with ICE1 driven by the 35S cauliflower mosaic virus
promoter (CaMV35S-ICE1), much stronger fluorescence signals
were observed after 4°C treatment (Figures 7A and 7B). However,

coinfiltration of ProCBF3-CBF3-GFP with CaMV35S-JAZ1 or
CaMV35S-JAZ4 generated dramatically lower fluorescence levels
at 4°C (Figures 7A and 7B). In addition, coinfiltration of ProCBF3-
CBF3-GFP with CaMV/35S-JAZ1 or CaMV35S-JAZ4 and CaMV/35S-
ICE1 also generated much weaker fluorescence signals in
comparison with infiltration of ProCBF3-CBF3-GFP alone or
coinfiltration of ProCBF3-CBF3-GFP with CaMV35S-ICE1 after
cold treatment (Figures 7A and 7B). As a control, coinfiltration of
ProCBF3-CBF3-GFP with CaMV35S-GUS and CaMV35S-ICE1
was performed, but no obvious differences in fluorescence signals
were observed compared with coinfiltration of ProCBF3-CBF3-
GFP with CaMV35S-ICE (Figures 7A and 7B). Taken together,
these results demonstrate that JAZ proteins repress the tran-
scriptional function of ICE1.

To further verify the effect of JAZ proteins on the transcriptional
function of ICE1, we analyzed relative expression of CBF3-GFP in
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Figure 6. Yeast Two-Hybrid Assay for Identifying ICE1 and JAZ1 Regions Required for Their Interaction.

(A) The C-terminal fragment of ICE1 is involved in the interaction of ICE1 with JAZ1 and JAZ4. Left: Diagram of full-length and truncated ICE1 constructs
with specific deletions. Right: Interactions were indicated by the ability of yeast cells to grow on synthetic dropout medium lacking Leu, Trp, His, and

Ade. The empty pGADT7 prey vector was used as a negative control.

(B) The JAZ1 Jas domain is responsible for interaction of JAZ1 with ICE1 and ICE2. Left: Diagram of full-length and truncated JAZ1 constructs with
specific deletions. Right: Interactions were indicated by the ability of yeast cells to grow on synthetic dropout medium lacking Leu, Trp, His, and Ade.

The empty pGBKT7 bait vector was used as a negative control.

N. benthamiana leaves in response to low temperature. As shown in
Figure 7C, we detected high levels of CBF3-GFP transcripts in
ProCBF3-CBF3-GFP and CaMV35S-ICET coinfilttrated N. benthamiana
leaves after cold treatment. By contrast, coexpression of JAZ pro-
teins with ICE1 significantly suppressed the accumulation of CBF3-
GFP transcripts (Figure 7C). These results further support the notion
that JAZ proteins repress the transcriptional function of ICE1.

Overexpression of JAZ1 or JAZ4 Represses
Freezing Tolerance

As several JAZ repressors interact with ICE factors and modulate
the transcriptional function of ICE1, we queried whether disruption
or overexpression of these JAZ proteins affected Arabidopsis
freezing stress responses. To test this possibility, we first analyzed
the performances of mutant plants in response to freezing stress.
The tested jaz4 and jaz9 single and the jaz4 jaz9 double mutants
behaved similarly to the wild-type plants after treatments, showing
similar survival rates and induced expression levels of cold-
responsive genes (see Supplemental Figure 5 online). However,
overexpression of JAZ1 or JAZ4 rendered transgenic plants (JA-
Z10E or JAZ40E) sensitive to freezing stress (Figures 8A and 8B).

Consistent with this, transcripts of CBF/DREB1 and their down-
stream targets were reduced in JAZ1OE and JAZ40E under cold
stress (Figure 8C). These results indicated that overexpression of
JAZ1 or JAZ4 represses the ICE-ICBF/DREB1 signaling pathway
and freezing stress responses in Arabidopsis.

Previous studies have shown that disruption of the jasmonate
receptor COI1 protein permits JAZ repressors to accumulate in the
nucleus (Chini et al., 2007; Thines et al., 2007), thereby repressing
downstream transcription factors. To further corroborate the regu-
latory effect of JAZ proteins on the ICE-CBF/DREB1 cascade in
Arabidopsis, we investigated whether overexpression of ICET could
restore the freezing-sensitive phenotype of coi7-1 mutants. As
shown in Figures 8D and 8E, transgenic expression of ICET was able
to rescue the phenotype of coi7-7 mutants in response to freezing
stress. This observation further supports the idea that JAZ proteins
repress the ICE-CBF/DREB1 transcriptional cascade in Arabidopsis.

Expression of Several CBF/DREB1 Pathway-Independent
Genes Is Reduced in coi1-1

Our expression analysis showed that cold induction of well-
known genes acting in the CBF/DREB1 signaling pathway was


http://www.plantcell.org/cgi/content/full/tpc.113.112631/DC1

Jasmonate-COI1-JAZ-ICE-CBF Pathway 2915

A ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP
ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP CaMV35S-ICE1 CaMV35S-ICE1 CaMV35S-JAZ1
22°C ac 22°C 4c ac

ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP ProCBF3-CBF3-GFP

CaMV355-JAZ4 CaMV35S-ICE1 CaMV35S-ICE1 CaMV35S-ICE1

4c CaMV355-JAZ1 CaMV355-JAZ4 CaMV35S-GUS
4c 4c 4c
B 2 Ca,

® 7,000 ‘v 8,000

< >

€ 6.000f L T 8 7,000 | 5 P

8 5,000 f S 6,000 |

c » !

3 4000 g 00

4 a 4,000

5 3,000 [ B

= p 3000

i 2,000 |

rages > !

< & 2,000

2 1,000} H ﬂ S Wik

2, A m Al e ['l['l .

Crec - + - + + + + + + & - + - + + + + + +
IcE1 - - + + - - + + 4+ ICE1 - - + + - - + + +
JAZ1 - - - - 4+ - 4+ - - JAzZt - - - -+ -+ - -
JAZ4 - - - - -+ -+ - JAZ4 - - - - -+ -+ -
GUE = = = e om o oww o= o GBS = = = = = = ® = &

Figure 7. JAZ1 and JAZ4 Repress ICE1 Transcriptional Function.

(A) Transient expression assays showed that JAZ1 and JAZ4 repress transcriptional activation of ICE1. GFP fluorescence was detected 48 h after
coinfiltration with the indicated constructs after cold treatment (4°C for 4 h). The experiment was repeated three times with similar results.

(B) Quantitative analysis of GFP fluorescence intensity in the transformed and cold-treated plants. Fifty independent fluorescent spots were assessed
for fluorescence intensity. Error bars represent sk.

(C) gRT-PCR analysis of the accumulation of CBF3-GFP transcripts. Total RNAs were extracted from leaves of N. benthamiana coinfiltrated with
combinations of various constructs in (A). The N. benthamiana ACTIN gene was used as an internal control. Error bars show sb from three independent
RNA extractions.

upregulated by jasmonate (Figure 4). To further investigate whether Supplemental Data Set 1 online, more than 50 cold-responsive
jasmonate modulates Arabidopsis cold acclimation-induced genes were downregulated in coi7-7 mutants under cold stress,
freezing tolerance exclusively through the CBF/DREB1 pathway, compared with wild-type plants. As expected, among the jasmonate-
we profiled the transcriptomes of coi7-1 mutant plants after 4°C regulated genes were members of the CBF/DREB1 signaling
treatments for 6 or 24 h by microarray analysis. As shown in pathway. In addition, several cold-responsive genes (such as
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Figure 8. Phenotypic Characterization of the JAZ7 and JAZ4 Overexpression Plants.

(A) Survival rates of the JAZT and JAZ4 overexpression plants (JAZ10E and JAZ4OE) with or without cold acclimation. Nonacclimated (NA) 18-d-old
soil-grown plants were treated at —4°C for 1.5 h, and cold-acclimated seedlings (CA; 2 weeks at 4°C) were exposed to —8°C for 1.5 h, followed by
recovery at 22°C for 7 d. Error bars show sp from three replicates. Soil, plants grown in soil. *Differences between overexpression plants and the wild
type (WT) are significant (P < 0.05). **Differences between overexpression plants and the wild type are highly significant (P < 0.01).

(B) lon leakage assays of the JAZ1 and JAZ4 overexpression plants (JAZ1OE and JAZ4OE) with indicated freezing temperatures. Error bars show sp
from three replicates. *Differences between overexpression plants and wild type are significant (P < 0.05).

(C) Expression of CBF/DREBT1 and their regulons in the JAZ1 and JAZ4 overexpression plants (JAZ70E and JAZ4OE) under cold stress. Eighteen-day-
old soil-grown plants were treated at 4°C for the indicated time periods. Error bars show sb from three independent RNA extractions.

(D) Survival rates of coi7-1/ICE10E plants with or without cold acclimation. Nonacclimated 18-d-old soil-grown plants were treated at —4°C for 1.5 h,
and cold-acclimated seedlings (2 weeks at 4°C) were exposed to —8°C for 1.5 h, followed by recovery at 22°C for 7 d. Error bars show sp from three
replicates.

(E) lon leakage assays of coi1-1/ICE10E treated with freezing temperatures. Error bars show sb from three replicates. coi7-1/ICE10E, overexpression of
ICE1 in coi1-1 background. Soil, plants grown in soil. *Differences between mutant plants and the wild type are significant (P < 0.05). **Differences
between mutant plants and the wild type are highly significant (P < 0.01).



AT4G38960, AT2G27080, and GIGANTEA) that are not parts
of the CBF/DREB1 pathway were also affected by jasmonate
signaling under cold stress (see Supplemental Data Set 1
online). To confirm the reliability of the microarray data, we
examined the cold-induced expression of several genes by
quantitative RT-PCR (qRT-PCR) analysis. Consistent with the
microarray results, the induced expression levels of these
selected genes were lower in coi7-1 mutants than in the wild
type (Figure 9; see Supplemental Figure 6 online). These re-
sults indicated that jasmonate may also modulate plant cold
acclimation-induced freezing tolerance through the CBF/
DREB1-independent pathways.

In addition to the cold acclimation-induced freezing tolerance,
our results revealed that jasmonate also positively regulated
Arabidopsis constitutive freezing tolerance. Under nonacclimated
conditions, the jasmonate biosynthesis- and signaling-related

Jasmonate-COI1-JAZ-ICE-CBF Pathway 2917

mutant plants exhibited reduced freezing tolerance compared
with wild-type plants (Figures 2), indicating that the constitutive
levels of jasmonate are required for normal levels of Arabidopsis
constitutive freezing tolerance. However, our expression analysis
showed that the basic expression levels of CBF/DREB1 and their
target genes were not affected by jasmonate signaling (Figure 4).
These results indicated that jasmonate may modulate Arabidopsis
constitutive freezing tolerance through CBF/DREB1-independent
pathways. To understand how jasmonate modulates Arabidopsis
constitutive freezing tolerance, we compared the transcriptomes
of wild-type and the coi7-7 mutant plants grown under normal
growth conditions. By comparing the microarray results, we identi-
fied several cold-responsive but CBF/DREB1 pathway-independent
genes (such as GIGANTEA, AT4G38960, and AT3G22840)
that showed lower expression levels in coi7-1 mutant plants
(Figure 10A; see Supplemental Data Set 1 and Supplemental
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Figure 9. Induced Expression of Genes Responsive to Cold but Independent of the CBF/DREB1 Signaling Pathway in Soil-Grown coi7-1 under Cold

Stress.

Eighteen-day-old soil-grown wild-type (WT) and coi7-1 mutant plants were treated at 4°C for the indicated time periods. Error bars show sp from three

independent RNA extractions used for qRT-PCR.
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Figure 7A online). Moreover, a number of genes encoding en-
zymes for synthesis of secondary metabolites (such as poly-
amine, glutathione, and anthocyanins) were also affected by
jasmonate signaling (Figure 10B; see Supplemental Data Set 1
and Supplemental Figure 7B online). These results suggested
that jasmonate may regulate Arabidopsis constitutive freezing
tolerance through modulating the base expression of some
CBF/DREB1 pathway-independent cold-responsive genes and
the synthesis of cold stress-related secondary metabolites.

DISCUSSION

The plant hormone jasmonate is ubiquitous in the plant kingdom
and is required for regulation of multiple physiological pro-
cesses. In this study, we investigated jasmonate’s role in
freezing stress in Arabidopsis by examining the effect of exog-
enous application of jasmonate on plant freezing tolerance, the
effect of impaired jasmonate biosynthesis and signaling on
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freezing stress, and the changes in endogenous jasmonate levels
in response to cold. Our results demonstrate that jasmonate has
a positive role in both constitutive and cold acclimation-induced
freezing tolerance of Arabidopsis. Treating wild-type plants with
exogenous MeJA significantly enhanced tolerance to freezing
stress (Figure 1). By contrast, blocking endogenous jasmonate
biosynthesis and signaling conferred decreased freezing toler-
ance under both nonacclimated and cold-acclimated conditions
(Figure 2). Furthermore, endogenous jasmonate production was
triggered by cold treatment (Figure 3). We therefore conclude that
jasmonate positively regulates Arabidopsis constitutive and cold
acclimation-induced freezing tolerance.

Previous studies indicated that jasmonate-induced chilling
tolerance of several fruits may be associated with the increase
of cryo-protective compounds (Gonzalez-Aguilar et al., 2000,
2004; Cao et al., 2009; Mohammad et al., 2011; Zhao et al.,
2013). However, the exact molecular mechanisms of jasmonate-
mediated cold stress responses remained unclear. Activation of
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Figure 10. Base Expression of Genes Responsive to Cold but Independent of the CBF/DREB1 Signaling Pathway and Genes for the Synthesis of

Secondary Metabolites in Soil-Grown coi7-1.

(A) Base expression of genes responsive to cold but independent of the CBF/DREBH1 signaling pathway in 18-d-old soil-grown coi7-1. WT, the wild

type.

(B) Base expression of genes encoding enzymes for the synthesis of polyamine, anthocyanins, and glutathione in 18-d-old soil-grown coi7-1. Error bars

show sp from three independent RNA extractions used for gRT-PCR.
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jasmonate-regulated responses requires a profound transcrip-
tional reprogramming of cellular genetic programs involved in
the complex interplay between negative and positive regulators
(e.g., JAZ repressors and downstream transcription factors).
JAZ proteins repress jasmonate-mediated responses through
interaction and attenuation of their downstream transcription
factors. The bHLH transcription factors MYC2, MYCS3, and
MYC4, essential components of the WD-repeat/bHLH/MYB
transcriptional complexes such as GL3, EGL3, and GL1, MYB21
and MYB24, and ETHYLENE INSENSITIVE3 (EIN3), were re-
cently identified as direct targets of JAZ proteins mediating
various jasmonate-regulated processes (Chini et al., 2007;
Fernandez-Calvo et al., 2011; Qi et al., 2011; Song et al., 2011;
Zhu et al., 2011). In this study, we found that the ICE1 and ICE2
transcription factors also function as targets of JAZ proteins
(Figures 5 and 6) and demonstrated that JAZ proteins repress
the transcriptional function of ICE1 (Figure 7). Consistent with
these findings, overexpression of JAZ1 or JAZ4 repressed the
cold-induced expression of CBF/DREB1 and their regulons,
thereby rendering transgenic plants sensitive to freezing
(Figure 8). Moreover, overexpression of ICE1 was able to
rescue freezing sensitive phenotype of coi7-7 mutant plants
(Figure 8).

The transcription factors ICE1 and ICE2 can activate expres-
sion of downstream CBF3/DREB1a and CBF1/DREB1b genes,
respectively, in response to cold stress (Chinnusamy et al., 2003;
Fursova et al., 2009). Our expression analysis showed that CBF3/
DREB1a, CBF1/DREB1b, and their targets were induced by MeJA
treatment under cold stress (Figure 4), consistent with the en-
hanced freezing tolerance of MeJA-treated wild-type plants and
the repressive effect of JAZ proteins on ICE1 and ICE2 tran-
scription factors (Figures 1 and 7). CBF2/DREB1c expression in
response to cold stress was also upregulated by MeJA treatment
(Figure 4). This was surprising because previous studies have
suggested that CBF2/DREB1c expression is not influenced by
ICE1 and ICE2 (Chinnusamy et al., 2003; Fursova et al., 2009);
furthermore, cold-induced expression of CBF2/DREB1c was not
found to be associated with CBF3/DREB1a and CBF1/DREB1b in
a previous study (Novillo et al., 2007). Further research is thus
required to investigate how jasmonate signaling affects CBF2/
DREBTc expression under cold stress. Recently, Zhao et al.
(2013) showed that two MYC2 proteins of banana (Musa acumi-
nata) interact with ICE1. This suggests that banana MYC2 proteins
may participate in regulating the expression of cold-responsive
genes. However, in our study, the expression of three CBF/DREB1
genes was not affected in the myc2-2 mutant compared with the
wild type under cold stress (see Supplemental Figure 8 online). This
observation suggests that MYC2 may be not involved in cold stress
responses in Arabidopsis.

Recently, Shi et al. (2012) demonstrated that ethylene sig-
naling negatively regulates freezing tolerance in Arabidopsis.
Further genetic and biochemical analysis in their study re-
vealed that EIN3 and EIL1 directly bind CBF/DREB1 promoters
and negatively regulate expression of these cold-induced
genes. EIN3 and EIL1 were also identified in another study
as direct targets of JAZ repressors mediating jasmonate-
regulated responses (Zhu et al., 2011). Consequently, jasmonate
signaling appears to negatively modulate CBF/DREB1 gene
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Figure 11. Model for Jasmonate-Regulated Cold Signaling Pathway in
Arabidopsis.

Under normal growth conditions, JAZ repressors interact with ICE tran-
scription factors. The physical interactions attenuate transcriptional
functions of these downstream transcription factors. Under cold con-
ditions, production of endogenous jasmonate is induced. The COI1 re-
ceptor perceives jasmonate and targets JAZ proteins for degradation.
Upon degradation of JAZ proteins, the ICE factors are subsequently
released to activate CBF/DREB1 gene expression and their downstream
cold-responsive genes. Jasmonate also regulates Arabidopsis consti-
tutive and cold acclimation-induced freezing tolerance by influencing
the synthesis of secondary metabolites and via some CBF/DREB1-
independent pathways. The final outcome of jasmonate regulation is the
enhancement of plant tolerance to freezing stress.

expression via EIN3 and EIL1. We speculate that the dual
regulations of the CBF/DREB1 signaling pathway by jasmonate
may be a balancing mechanism between establishment of the
appropriate stress tolerance and minimization of detrimental ef-
fects on plant growth and development. Nevertheless, the final
outcome of jasmonate regulation is enhanced plant adaptation to
cold stress (Figures 1 and 2). Interestingly, a similar dual regula-
tion was observed previously: EIN3 and MYC2 act antagonis-
tically to mediate jasmonate-regulated resistance against the
necrotrophic fungal pathogen Botrytis cinerea (Berrocal-Lobo
et al., 2002; Lorenzo et al., 2004). Further characterization of
these dual regulations may shed new light on the molecular
basis of tight regulation and fine-tuning of jasmonate signaling
pathways.

In addition to the CBF/DREB1 signaling pathway, our results
revealed that jasmonate also regulates expression of several
genes independent of the CBF/DREB1 signaling pathway under
cold stress (see Supplemental Data Set 1 online; Figure 9).
These findings indicate that jasmonate also modulates plant
cold acclimation through the CBF/DREB1-independent path-
ways. Fowler and Thomashow (2002) showed that only 12%
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of the cold-responsive genes were regulated by CBF/DREB1
transcription factors, suggesting that the CBF/DREB1-independent
pathways may also play important roles in mediating plant cold
stress responses. Interestingly, endogenous jasmonate has a peak
of induction by low temperature at 12 h (Figure 3), which appears to
be inconsistent with the results that the cold-induced expression of
CBF/DREB1 genes peaks at 3 h and decreases at 12 h of cold
treatment (Figure 4). It is possible that the high levels of endoge-
nous jasmonate at 12 to 24 h may be involved in the induction of
CBF/DREB1-independent genes. Consistent with this possibility,
most of the selected genes independent of the CBF/DREB1 sig-
naling pathway were strongly induced at 12 to 24 h by cold
treatment (Figure 9). Further investigation of these jasmonate-
affected CBF/DREB1-independent genes may enhance our un-
derstanding of the regulatory mechanisms of plant cold acclimation
processes. Besides the cold acclimation-induced freezing toler-
ance, jasmonate is also required for Arabidopsis constitutive
freezing tolerance (Figure 2). To understand how jasmonate
modulates Arabidopsis constitutive freezing tolerance, we
compared the transcriptomes of wild-type and coi7-7 mutant
plants grown under control conditions and identified several
cold-responsive but CBF/DREB1 pathway-independent genes
(see Supplemental Data Set 1 online; Figure 10A). In addition,
a number of genes required for synthesis of secondary me-
tabolites (such as polyamine, glutathione, and anthocyanins)
were also regulated by jasmonate signaling (see Supplemental
Data Set 1 online; Figure 10B). Consistent with this, accumu-
lating evidence has demonstrated that these secondary me-
tabolites are involved in plant cold stress responses (Christie
et al.,, 1994; Hummel et al., 2004; Lei et al., 2004; Cuevas
et al., 2008; Kovacs et al., 2010; Alcazar et al., 2011; Bai et al.,
2012; Xie et al., 2012).

To elucidate the molecular mechanism of jasmonate-regulated
cold stress responses in Arabidopsis, we propose the follow-
ing simplified model (illustrated in Figure 11). Under normal
growth conditions, JAZ repressors physically interact with
ICE1 and ICE2 transcription factors (Figures 5 and 6), attenuate
their transcriptional functions (Figure 7), and thereby repress
expression of downstream cold-responsive genes. However,
under cold conditions, production of endogenous jasmonate,
perceived by the receptor COI1 (Yan et al., 2009), is triggered
instead (Figure 3). COI1 then recruits JAZ proteins for degra-
dation (Xie et al., 1998; Thines et al., 2007), and ICE1 and ICE2
are released to activate the expression of CBF/DREB1 genes
and their targets. Based on the findings that the production of
endogenous jasmonate is rapidly triggered under cold stress
and the induction of CBF/DREB1 genes peaks after 3 h of cold
exposure (Figures 3 and 4), we speculate that jasmonate may
regulate CBF/DREB1 expression by activating ICE transcription
factors at the early stage of cold stress. Altogether, jasmonate
acts as a crucial upstream signal of the ICE-CBF/DREB1 sig-
naling pathway to positively modulate Arabidopsis freezing tol-
erance under cold-acclimated conditions. In addition, jasmonate
also regulates Arabidopsis constitutive and cold acclimation-
induced freezing tolerance through mediating the synthesis of
secondary metabolites and some CBF/DREB1-independent
pathways (Figures 9 and 10; see Supplemental Data Set 1
online).

METHODS

Materials and Plant Growth Conditions

The plant hormone MeJA was purchased from Sigma-Aldrich. Tag DNA
polymerases were purchased from Takara Biotechnology, and other
common chemicals were obtained from Shanghai Sangon. Arabidopsis
thaliana plants were grown in an artificial growth chamber at 22°C under
a 10-h-light/14-h-dark photoperiod. Wild-type and mutant plants used
in this study were in the Columbia-0 genetic background. The mutants
coi1-1 (Xie et al., 1998) and coi7-2 (Xu et al., 2002) were described as
previously. Other mutants used in this study are listed as follows: lox2
(CS3748), aos (CS6149), jar1 (CS8072), and myc2-2 (SALK_083483). To
generate the overexpression transgenic plants, the full-length cDNA of
JAZ1, JAZ4, or ICE1 were cloned into the pOCA30 vector in the sense
orientation behind the CaMV 35S promoter (Hu et al., 2013). All primers
used for clones are listed in Supplemental Table 1 online.

Freezing Tolerance Assays

The freezing tolerance assays were performed as described (Chinnusamy
et al., 2003), with some modifications. Briefly, 12-d-old plants grown at
22°C on Murashige and Skoog (MS) agar medium with or without cold
acclimation (2 weeks at 4°C) were placed in a freezing chamber set to
—1°C and programmed to cool at —1°C per hour. Petri dishes of plants
were removed after exposure to the desired temperatures. After the
freezing treatment, plants were incubated at 4°C in the dark for 10 h and
then transferred to light at 22°C. The survival rates of the seedlings were
scored visually after 4 d. For soil-grown plants, 18-d-old plants with or
without cold acclimation (2 weeks at 4°C) were placed in a freezing
chamber set to 0°C and programmed to cool at —1°C per 1.5 h. Plants
were removed after exposure to the desired temperatures. After the
freezing treatment, plants were incubated at 4°C in the dark for 10 h and
then transferred to light at 22°C. The survival rates of the seedlings were
scored visually after 7 d. For jasmonate treatment, 3 or 5 uM MeJA was
added to the MS agar medium. Seeds of the wild type were germinated on
this MeJA-containing medium, and seedlings were grown at 22°C for
12 d. Soil-grown plants were sprayed with water or a 30 .M MeJA solution
diluted from the stock. The water- and MeJA-treated plants were
maintained in a small chamber with a transparent cover for 3 d before
freezing treatment (under nonacclimated conditions). Under cold-acclimated
conditions, plants were treated with MeJA at 4°C for 3 d and then were
removed from the chamber and kept at 4°C for another 11 d.

Relative Electrolyte Leakage

To measure relative electrolyte leakage, 12-d-old Arabidopsis seedlings
were treated at freezing temperatures. After treatment, entire seedlings
were harvested and relative electrolyte leakage was measured according
to Jiang et al. (2007).

Determination of Jasmonate Contents

To measure jasmonate contents, 18-d-old soil-grown wild-type plants
were treated at 4°C or kept at 22°C. After treatment, entire seedlings were
harvested and jasmonate was analyzed by ELISA using monoclonal
antibodies of jasmonate according to Deng et al. (2008).

RNA Extraction and qRT-PCR

Total RNA was extracted from Arabidopsis seedlings using the Trizol
reagent (Invitrogen). qRT-PCR was performed as described by Hu et al.
(2012). Briefly, first-strand cDNA was synthesized from 1.5 g DNase-
treated RNA in a 20-p.L reaction volumes using M-MuLV reverse transcriptase
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(Fermentas) with oligo(dT)18 primer. gRT-PCR was performed using 2x
SYBR Green | master mix on a Roche LightCycler 480 real-time PCR
machine, according to the manufacturer’s instructions. At least three
biological replicates for each sample were used for gqRT-PCR analysis,
and at least two technical replicates were analyzed for each biological
replicate. The ACTIN2 gene was used as an internal control of gene
expression. Gene-specific primers used to detect transcripts are listed
in Supplemental Table 2 online.

Yeast Two-Hybrid Screening and Confirmation

The full-length JAZ1 CDS was cloned into the bait vector pGBKT7 and
then transformed into the yeast strain Y2HGold (Clontech). The cDNA
library was obtained from Clontech (catalog number 630487). Two-hybrid
screening was performed via the mating protocol described in Clontech’s
Matchmaker Gold Yeast Two-Hybrid user manual. To confirm protein—
protein interactions, the full-length ICE1, ICE2, or truncated ICE1 CDS
were cloned into the prey vector pGADT7. Primers used for amplifying
these truncated or mutated fragments are listed in Supplemental Table 1
online.

BiFC Assays

cDNA sequences of the N-terminal, 173-amino acid, enhanced YFP
(nYFP) and C-terminal, 64-amino acid (cYFP) fragments were PCR
amplified and cloned into pFGC5941 to generate pFGC-nYFP and
pFGC-cYFP, respectively (Kim et al., 2008). The full-length JAZ7 and
JAZ4 CDS was inserted into pFGC-cYFP to generate C-terminal in-
frame fusions with cYFP, while ICE1 and ICE2 CDS were introduced into
pFGC-nYFP to form N-terminal in-frame fusions with nYFP. The re-
sulting plasmids were introduced into Agrobacterium tumefaciens
(strain GV3101), and infiltration of Nicotiana benthamiana was per-
formed as described previously (Hu et al., 2013). Infected tissues were
analyzed 48 h after infiltration. YFP and 4',6-diamidino-2-phenylindole
fluorescence were observed under a confocal laser scanning micro-
scope (Olympus).

ColP Assays

The full-length CDS of JAZ1, JAZ4, ICE1, and ICE2 were individually
cloned into tagging plasmids behind the MYC or FLAG tag sequence in
the sense orientation behind the CaMV 35S promoter. The constructs
were transformed into Agrobacterium GV3101. MYC-fused JAZ1 or
JAZ4 and FLAG-fused ICE1 or ICE2 were then transiently coexpressed
in N. benthamiana. Infected leaves were sectioned 48 h after infiltration.
ColP assays were performed using leaf protein extracts as described by
Shang et al. (2010). Briefly, MYC-fused JAZ1 and JAZ4 were im-
munoprecipitated using an anti-MYC antibody and the coimmuno-
precipitated protein was then detected using an anti-FLAG rabbit
antibody (Sigma-Aldrich).

Transient Expression Assays

The transient expression assays were performed in N. benthamiana
leaves. The full-length CDS of CBF3 was fused with GFP reporter gene
behind the native promoter of CBF3. The full-length CDSs of JAZ1, JAZ4,
and ICE1 were driven by the CaMV 35S promoter. These constructs were
then introduced into the Agrobacterium strain GV3101. The infiltration of
N. benthamiana was performed as described previously (Kim et al., 2008).
Plants were kept at 22°C for 48 h before induced by cold stress (4°C for 4
h). Infected leaves were observed under a confocal laser scanning mi-
croscope (Olympus). All experiments were repeated with five independent
biological replicates with similar results.
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Microarray Analysis

Eighteen-day-old soil-grown wild type and coi7-7 mutant plants were
used for microarray analysis. Wild-type and coi7-1 mutant plants grown
under normal growth conditions were treated at 4°C for 6 or 24 h. Total
RNA was isolated from three replicates of control or treated plants using
the Trizol reagent (Invitrogen). RNA quantity was assessed using the
NanoDrop ND-1000 and the integrity was assessed using standard de-
naturing agarose gel electrophoresis. The microarray analysis was per-
formed by the Shanghai Kangchen Biological Technology Company. For
microarray analysis, the Agilent Array platform was employed. The sample
preparation and microarray hybridization were performed based on the
manufacturer’s standard protocols. Briefly, total RNA from each sample
was amplified and transcribed into fluorescent complementary RNA using
Agilent’s Quick Amp Labeling protocol (version 5.7; Agilent Technologies).
The labeled cRNAs were hybridized onto the Whole Genome Oligo Mi-
croarray (4x44K; Agilent Technologies). After the slides were washed, the
arrays were scanned by the Agilent Scanner G2505C. Agilent Feature
Extraction software (version 11.0.1.1) was used to analyze acquired array
images. Quantile normalization and subsequent data processing were
performed using the GeneSpring GX v11.5.1 software package (Agilent
Technologies). Differentially expressed genes were identified through fold
change filtering.

Accession Numbers

Arabidopsis Genome Initiative numbers for the genes discussed in this
article are as follows: LOX7, AT1G55020; LOX2, AT3G45140; LOX3,
AT1G17420; LOX4, AT1G72520; AOS, AT5G42650; AOC1, AT3G25760;
AOC2, AT3G25770; AOC3, AT3G25780; AOC4, AT1G13280; JART,
AT2G46370; COI1, AT2G39940; JAZ1, AT1G19180; JAZ2, AT1G74950;
JAZ3, AT3G17860; JAZ4, AT1G48500; JAZ5, AT1G17380; JAZ6,
AT1G72450; JAZ7, AT2G34600; JAZ8, AT1G30135; JAZ9, AT1G70700;
JAZ10, AT5G13220; JAZ11, AT3G43440; JAZ12, AT5G20900; ICET,
AT3G26744; ICE2, AT1G12860; CBF1, ATAG25490; CBF2, AT4G25470;
CBF3, AT4G25480; RD29A, AT5G52310; RD29B, AT5G52300; KINT,
At5g15960; COR47, At1g20440; COR414, At1g29395; COR15b,
At2g42530; ADC1, AT2G16500; SAMDC, AT3G02470; SPDST,
AT1G23820; DFR, AT5G42800; LDOX, AT4G22880; UF3GT, AT5G54060;
GSH1, AT4G23100; GSTu4, AT2G29460; GSTF12, AT5G17220; GIGANTEA,
AT1G22770; WRKY22, AT4G01250; and ACTIN2, AT3G18780.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure 1. Cold-Induced Expression of CBF/DREB1 and

Their Regulons in Response to Jasmonate in MS Medium-Grown
Plants.

Supplemental Figure 2. Expression of Cold-Responsive Genes
Acting in the ABA or Cytokinin Pathway and Those Associated with
the Synthesis of Soluble Sugars.

Supplemental Figure 3. Immunoblot Analysis of JAZ Proteins Ex-
pressed in Yeast.

Supplemental Figure 4. Immunoblot Analysis of the Truncated ICE1
and JAZ1 Proteins Expressed in Yeast.

Supplemental Figure 5. Freezing Tolerance of jaz4 and jaz9 Mutants.

Supplemental Figure 6. Induced Expression of Genes Responsive to
Cold but Independent of the CBF/DREB1 Signaling Pathway in MS
Medium-Grown coi7-1 under Cold Stress.

Supplemental Figure 7. Base Expression of Genes Responsive to
Cold but Independent of the CBF/DREB1 Signaling Pathway and
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Genes for the Synthesis of Secondary Metabolites in MS Medium-
Grown coi1-1.

Supplemental Figure 8. Expression of CBF/DREB1 Genes in myc2-2
Mutant Plants under Cold Stress.

Supplemental Table 1. Primers Used for Generating Clones.
Supplemental Table 2. Primers Used for qRT-PCR.

Supplemental Data Set 1. MS Excel File with Probe Names, Fold-
Change Information, AGI Numbers, and Annotation of Cold-Regulated
Genes Affected by Jasmonate Signaling.
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