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Figure 4. The oscillations of circadian clock components are stopped in continuous light in the cold. Targeted expression analysis
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modified diurnal, sugar, and circadian regulation is
considered prior to assigning “cold-specific” regula-
tion.

Although cold-diurnal interactions have led to un-
intended differences in the identification of cold-
responsive genes, it should also be considered that
the short-term initial changes as well as the dampening
or disruption of oscillations are all examples of cold
regulation. Obviously, nonspecific effects of tempera-
ture on the thousands of chemical reactions within the
cell will play a role in this effect. However, the normal
amplitude oscillations of LUX and of many other genes
(C. Espinoza, Z. Bieniawska, A. Leisse, L. Willmitzer,
D.K. Hincha, and M.A. Hannah, unpublished data)
indicate that plants can specifically avoid such general
effects. Given the adaptive variation for circadian func-
tion (Michael et al., 2003b) and freezing tolerance
(Hannah et al., 2006) and the fact that the circadian
clock and low temperature both regulate thousands of
genes, it could be beneficial for the plant to exploit a
common mechanism for their regulation. In other
words, if circadian oscillations are stopped by low
temperature, it could be useful for the plant if a tran-
script is clamped to high, medium, or low expression
levels, depending on its contribution to cold responses.
Although the contribution of the circadian clock to
plant fitness at warm temperatures has been demon-
strated (Dodd et al., 2005), its necessity for plant
growth, adaptation, or survival at low temperatures is
completely unknown. Recent advances in the under-
standing of rhythmic diurnal versus circadian growth
(Nozueetal., 2007), together with our data, suggest that
understanding cold responses will require investigat-
ing diurnal as well as circadian regulation. Answers to
this will await progress in two areas. First, molecular
profiling of a regularly sampled diurnal time course in
the cold is required to assess the extent and functional
significance of the diurnal oscillations and expression
changes that occur in the cold. Second, experiments
assessing the growth, competitive advantage, and
freezing tolerance of clock mutants and wild-type
plants under different environmental conditions will
be necessary to establish the functional significance of
the underlying molecular mechanisms.

Diurnal Gating of the Cold Response

It was previously demonstrated that the circadian
clock gates the cold induction of the CBF1 to CBF3,
RAV1, and ZAT12 TFs (Fowler et al., 2005), [Ca“]CYT
signals, and the expression of COR78 (Dodd et al.,
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2006). Expressionanalysis ofapproximately 1,900 Arabi-
dopsis TFs allowed us to generalize conclusions on
their diurnal gating. First, and in common with our
other analyses, it revealed a high dependence of the
genes identified as cold regulated on the time of day the
cold treatment started. Around 75% more TFs were
cold induced in the morning than in the evening, and
consistently, most of these cold-induced genes tended
to reach higher absolute abundance after the morning
cold treatment (Fig. 5). This was mostly due to higher
cold induction rather than to higher initial abundance,
which was often higher at ZT14 than at ZT2 (Fig. 5).
Analysis of published data (Blasing et al., 2005) and our
own data (Fig. 3; data not shown) indicated that many
genes showed peak expression around midday in
diurnal conditions. Therefore, induction increased sim-
ilarly to the upturn in their normal cycles. The gating
of a CBF2::GUS promoter-reporter fusion (Fowler
etal., 2005) supports the involvement of transcriptional
regulation in circadian gating of the cold response.
However, given the number of gated TFs, it seems
unlikely that they are all regulated by a single master
TF. A more general mechanism could involve rhythmic
changes in permissive chromatin structure that favor
the induction of endogenously cycling genes, similar to
the recently demonstrated regulation of TOCI tran-
scription (Perales and Mas, 2007). An alternative or
complementary mechanism to transcription-mediated
changes in transcript abundance could involve the
demonstrated circadian control of transcript stability
(Lidder et al., 2005), possibly related to general cellular
processes such as transcript degradation or ribosome
occupancy. The generality of the low-temperature gat-
ing could imply that it is a nonspecific effect of the usual
diurnal cycling of these transcripts, although this raises
the circular argument of why these transcripts are
diurnally regulated. Therefore, the physiological sig-
nificance and downstream effects of diurnal gating will
await a direct and thorough investigation of diurnal
gating of downstream molecular changes and plant
survival.

Cold Treatment as a Tool to Probe Clock Function

There has been much effort to understand the mo-
lecular basis of the circadian clock. This has culmi-
nated in the development of models of clock function
that seek to explain existing data and direct new
experiments (Locke et al., 2005, 2006; Zeilinger et al.,
2006). Most of the current data describe clock function
at warm temperatures often under continuous envi-

for several circadian clock (black panel labels), circadian output (dark red panel labels), and cold-regulated (blue panel labels)
genes was performed using qRT-PCR. Plants were grown under warm diurnal conditions under low light in long days (16 h) before
transfer to continuous light at 20°C or 4°C at 14 h after dawn. Whole rosettes were sampled from individual plants every 4 h until
58 h. The y axes show raw expression (Ct; log, scale) values normalized by subtracting the mean of three control genes. The x
axes show time after subjective dawn, with subjective night shown in light gray. Data are means from three biological replicate

plants. sp values are not shown for clarity but averaged 0.5 Ct.
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Figure 5. Diurnal gating of cold-responsive
TFs. gqRT-PCR for 1,880 Arabidopsis TFs was
used to select strongly cold-responsive TFs
(>4-fold change) using pooled samples from
two independent experiments. Data are pre-
sented for the 60 TFs that were subsequently
confirmed to change significantly using within-
experiment biological replicates. Prior to the
experiments, plants were grown under warm
diurnal conditions at either low or normal light
in long days (16 h). Plants were then transferred
to 4°C (or simulated control transfer) at 2 h
(ZT2) or 14 h (ZT14) after dawn. Whole rosettes
were sampled from control plants before cold
(ZT2 and ZT14), from paired diurnal controls
(ZT5 and ZT17), or from plants cold treated for
3 h at ZT2 (Cm) or ZT14 (Ce). The sampling
scheme and sample names are illustrated at the
bottom. Only the 56 up-regulated and four
down-regulated TFs that were significantly (P <
0.05, ttest) induced at least 4-fold against both
controls in both experiments for either ZT2
and/or ZT14 are shown. Normalized values
were compared to generate log, ratios between
samples of interest, and these were used to plot
heat maps. The left panel shows cold induction
versus the time zero and paired control for each
experiment, indicating gating of relative induc-
tion. The first column of the right panel shows
absolute gating as the difference between the
expression attained after morning cold treat-
ment at ZT2 (Cm) versus evening cold treat-
ment at ZT14 (Ce). The second column reveals
diurnal regulation by the difference in expres-
sion between ZT2 and ZT14. Data are mean
log, ratios from five replicates.
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Table lll. The induction of the CBF TFs is diurnally gated

Expression of the CBF TFs was measured using qRT-PCR. Plants were grown under warm diurnal conditions under normal or low light in long days
(16 h) before transfer to 4°C (or simulated control transfer) either at 2 h (ZT2) or 14 h (ZT14) after dawn. At both points, samples were harvested after 3 h
at4°C (Cmand Ce) and at 0 h (ZT2 and ZT14) and 3 h (ZT5 and ZT17) in control conditions. The sampling scheme is illustrated in Figure 5. Data are
mean log, ratios (n = 5). In low light, CBF1 was not detected at ZT2 generating infinite ratios (*inf).

Cold Induction

Morning Versus Evening

CBF Low Light Normal Light Low Light Normal Light
Cm-ZT2  Cm-ZT5 Ce-ZT14 Ce-ZT17 Cm-ZT2 Cm-ZT5 Ce-ZT14 Ce-ZT17 Cm-Ce ZT2-ZT14 Cm-Ce ZT2-ZT14
CBF1 +inf 8.3 10.5 9.7 8.5 5.7 5.2 -2.5 —inf 1.7 —-1.1
CBF2 9.7 8.6 8.5 9.1 10.3 4.9 6.9 2.8 1.5 3.1 —-2.3
CBF3 13.0 8.1 5.3 7.4 10.2 2.9 5.8 3.3 —4.4 4.0 —-3.3

ronments, conditions in which clock components often
show very similar expression patterns (Alabadi et al.,
2001; Hazen et al., 2005). We hypothesized that as cold
would likely affect the rates of transcription and tran-
script degradation pathways specifically as well as
generally, then differential regulation of clock compo-
nents would be revealed by their expression patterns in
the cold. TOC1 and LUX have similar expression in
several conditions and are proposed to function closely
together in the central oscillator (Hazen et al., 2005).
Our experiments clearly distinguished the transcript
regulation of these components. In light-dark cycles
at 4°C, the cycles of LUX transcript were maintained at
the same high amplitude, while similar to other clock
components, TOCI showed low-amplitude oscillations
clamped at high expression (Fig. 3; Supplemental Fig.
53). This indicates that either the rate of transcription or
of transcript degradation of TOC1 and LUX is distinct
and highlights a potentially unique role for LUX among
the identified clock components. A significant role for
LUX was previously suggested as, unlike most oscilla-
tor components, the single loss-of-function mutant is
arrhythmic in all measured outputs (Hazen et al., 2005;
Onai and Ishiura, 2005).

Interestingly, cold rendered LUX expression imme-
diately responsive following dawn, rather than with
the 4-h delay observed under control conditions. CCA1
and LHY peak around dawn and have been shown to
bind an evening element in the LUX promoter; they
may repress its transcription in a similar way to their
regulation of TOC1 (Hazen et al., 2005). Under our
warm conditions, the diurnal amplitude of CCAI and
LHY was between 250- and 2,000-fold, while in the cold
peak abundance was similar for CCA1 and 4- to 8-fold
lower for LHY. The large effect on absolute LHY tran-
script quantity may explain the earlier induction of
LUX via reduced LHY-mediated repression. However,
relatively, the difference is small, and this explanation is
not consistent with the tailing/delay in peak LHY and
CCAL1 transcript or their overall increase in the cold,
which should respectively further delay or repress
LUX. In addition, the trough expression of the LHY/
CCAl-repressed TOC1I occurs at the same time in the
warm or cold. Therefore, alternatively, these data might
suggest that LUX is light regulated but that this regu-
lation is usually gated by the circadian clock, probably

Plant Physiol. Vol. 147, 2008

via LHY/CCAL1 repression. Obviously, other levels of
regulation beyond transcription will have to be consid-
ered in the future, but the distinct regulation of LUX
and TOC1 revealed here will help direct experiments to
test these hypotheses.

Progress in plant circadian research has been pre-
dominantly driven by the use of forward genetic
screens to identify plants with aberrant expression
of the circadian clock-regulated promoter-luciferase
(LUC) fusion CAB2::LUC (Millar et al., 1995). A for-
ward genetic screen for arrhythmic GI::LUC mutants
has also been performed (Onai and Ishiura, 2005), and
the circadian phenotypes of some CAB2:: LUC mutants
have been confirmed with a CCR2::LUC fusion (Hazen
et al., 2005). The mutants that can be isolated using
these reporters will depend on the regulation of
the native promoter of the circadian output gene
used. Measuring transcript abundance following cold
treatment could reveal differences in the mechanisms
underlying circadian regulation of clock output genes.
Data from our targeted expression analysis support
this. These showed that CAB2, CCR2, and GI show
similar patterns of transcript abundance after cold
treatment, clamping to near peak abundance (Fig. 4),
while the expression of CAT3 was significantly differ-
ent, clamping to near minimum abundance. This may
be consistent with a previous report describing the
presence of two circadian oscillators in Arabidopsis,
one preferentially light regulated and driving CAB2
expression and the other preferentially responding to
temperature and entraining CAT3 expression (Michael
etal., 2003a). An exciting prospect of a future genome-
wide analysis of a cold diurnal time series would be the
identification of sets of genes under differential mech-
anisms of circadian control. Furthermore, as the circa-
dian clock appears to stop in the cold, the remaining
oscillations likely reflect the daily input of light-dark
cycles. Therefore, such data may also help light and
circadian pathways to be separated and provide insight
into circadian gating. Together, these data would likely
assist in the identification of new reporter genes for
forward genetic screens to provide further insight into
mechanisms underlying the diurnal and circadian reg-
ulation of gene expression.

In conclusion, we show that although it is widely
believed that diurnal and circadian effects on the iden-
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Figure 6. Experiment-specific bias in the cold response of circadian-regulated genes that peak at different phases of the day. The
overlap between circadian-regulated genes that peak at different phases (Edwards et al., 2006) of the day (ZT, time after
subjective dawn) and those responding to cold in independent studies (Table 1) were compared. For direct comparability, we
selected the 1,000 most induced (blue) and 1,000 most repressed (red) genes in each experiment and made the comparison using
Fisher’s exact test. Experiments are lettered as in Table I and labeled as in Figure 1; lowercase letters denote soil-grown plants.
Colors indicate the light regime: red, continuous light for control and cold; blue, diurnal for control and continuous light for cold;
green, diurnal for control and cold. The bars show the log odds ratios, which show whether the genes at a specific phase are more
or less likely to be cold responsive than expected by chance. Significance (false discovery rate-corrected P < 0.05) is denoted by
solidly colored bars, while nonsignificant log odd ratios are shown in hatched bars. [See online article for color version of this

figure.]

tification of cold-responsive genes have been largely
excluded through the use of paired controls, they
account for the majority of differences between inde-
pendent experiments to identify cold-responsive genes.
Mechanistically, these differences in the cold are ex-
plained by the longer-term dampening of cycles for
clock components and the stopping of the rhythmic
expression of some output genes in light-dark cycles
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and arrhythmia of all cycles in continuous light. We also
demonstrate that diurnal gating of cold-induced TFs is
a general phenomenon and likely also contributes to
observed differences. Diurnal regulation should thus be
a key consideration of future experiments, and these
should investigate its physiological significance for
plant growth, adaptation, and survival in the cold.
Finally, the differential effects of cold on LUX and on
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Figure 7. Simple model to illustrate the time-of-day effects on the
identity of cold-responsive genes. In the cold, many genes, particularly
of the core oscillator, show low-amplitude cycles in diurnal conditions,
while in continuous light (circadian conditions) they stop to cycle.
Therefore, even when paired controls are used, there are considerable
time-of-day effects on measured gene expression changes. In reality,
diurnal gating of gene expression, phase advances, and delays as well
as the continued cycles of many genes mean that time-of-day influ-
ences will be much greater and more diverse than illustrated. [See
online article for color version of this figure.]

circadian output genes suggest that low temperature
could be an important tool to probe mechanisms un-
derlying diurnal and circadian function.

MATERIALS AND METHODS
Plant Material and Growth

The protocols used were based on those we have described previously
(Rohde et al., 2004; Hannah et al., 2005), with the exception that controlled-
environment growth cabinets or chambers were used instead of a greenhouse.
For all experiments, Arabidopsis (Arabidopsis thaliana) accession Columbia was
initially grown on soil for 4 weeks in short days (8 h) before transfer to long days
(16 h) at a day/night air temperature of 20°C/18°C and either 90 wmol m 2s~!
(low light) or 150 wmol m 2s~! (normal light). Experiments were started when
the rosette was mature (40-45 d after germination) and completed before the
inflorescence reached 1 to 2 cm. Control plants were transferred to the same
diurnal conditions or continuous light at the same intensity at 20°C. Cold
treatment was always at an air temperature of 4°C and a light intensity of 90
pmol m2s7! but photoperiod was either 16 h or continuous. Treatments were
started and samples harvested at the specified times for each experiment.
Samples were harvested from individual plants and immediately frozen in
liquid nitrogen before being powdered using either a ball mill (Retsch) or a
cryogenic grinding robot (Labman Automation; Stitt et al., 2007).
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Expression Analysis
gRT-PCR

Essentially, the protocols were similar to those described previously
(Czechowski et al., 2004, 2005). Total RNA was extracted using Trizol reagent
(Invitrogen) and treated with DNase (Roche or Ambion). RNA yield and
quality were assessed using a nanodrop spectrophotometer (Nanodrop Tech-
nologies) and gel electrophoresis followed by qRT-PCR using an intron-specific
primer (At5g65080) to confirm the absence of genomic DNA contamination.
First-strand cDNA was synthesized from 2.5 ug of total RNA using SuperScript
III reverse transcriptase (Invitrogen), and its quality was assessed using
primers that amplify 3’ and 5’ regions of GAPDH (At1g13440). Primers were
mostly as published previously (Czechowski et al., 2004, 2005; Rohde et al.,
2004; Morcuende et al., 2007) but are all summarized in Supplemental Table S3.
qRT-PCR using SYBR Green to monitor double-stranded DNA synthesis was
performed in an ABI PRISM 7900 HT 384-well plate Sequence Detection System
(Applied Biosystems). Reactions contained 2.5 uL of 2X SYBR Green Master
Mix reagent (Power SYBR Green [Applied Biosystems] or SYBR Green [Euro-
gentec]), 0.5 uL of cDNA (diluted 10- to 20-fold), and 2 uL of 0.5 uM primers. To
ensure accuracy, primers were first added to each plate followed by a Master-
mix containing the cDNA and SYBR Green, and both steps were performed
using an Evolution P3 pipetting robot (Perkin-Elmer). RNA and cDNA quality
control reactions were manually pipetted, and double volumes were used. In
the diurnal and circadian time course experiments, Ct values for the genes of
interest were normalized by subtracting the mean of three reference genes
(At4g05320, At1g13320, and At2g32170; Czechowski et al., 2005). In the gating
experiments, we used the same reference genes, but log, ratios were generated
after normalizing the expression for each TF using the scaling factor of the
geNorm software (Vandesompele et al., 2002).

Expression Profiling

We performed expression profiling for experiments f, g, h, and j (Table I). All
plants used had developed mature rosettes. In experiment f, 10-mm leaf discs
were harvested from the tips of fully expanded leaves and samples were pooled
from three plants, while in all other experiments, whole rosettes were harvested
and pooled from five to six plants after grinding. Samples from experiments
g and h were grown in parallel. Samples were hybridized to the Affymetrix
ATHI1 genome arrays (ATH1) at the German Resource Center for Genome
Research or ATLAS Biolabs Berlin, as described previously (Hannah et al., 2005,
2006). However, for extraction, we used the RNeasy kit (Qiagen) following the
manufacturer’s instructions, and labeling was performed using the Message-
AmplI kit (Ambion) using 1 ug of total RNA and 7 h of in vitro transcription.
Expression data are available from the Arrayexpress database (accession nos.
E-MEXP-1344 and E-MEXP-1345). All other expression data were obtained
from public databases (Craigon et al., 2004; Barrett et al., 2007).

Raw CEL file data were analyzed using the bioconductor software project
(Gentleman et al., 2004) to obtain GCRMA expression estimates (Wu et al., 2004)
and MASS present/absent calls for each experiment. Values for the control
samples were subtracted from the corresponding cold-treated sample values to
give log, differences. We retained 16,640 probe sets that were detected (Present/
Absent call < 0.05) in any single experiment. For experiments with a single
replicate, they had to be detected in both samples, while for replicated experi-
ments, they had to be detected in either all control or all cold samples.

Data Analysis

Overrepresentation/underrepresentation analysis was performed using
fisher.test and correlation analysis with cor in the R software. PCA was per-
formed using the pcaMethods bioconductor package (Stacklies et al., 2007). The
heat map (Fig. 5) was generated in Microsoft Excel using a macro kindly provided
by Yves Gibon (Max-Planck-Institut fiir Molekulare Pflanzenphysiologie).

Microarray data from this article have been deposited with the European
Bioinformatics Institute ArrayExpress data repository (http:/ /www.ebi.ac.uk/
arrayexpress/) under accession numbers E-MEXP-1344 and E-MEXP-1345.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Suc-regulated genes make coordinate contribu-
tions to the separation of experiments by PC 2.
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Supplemental Figure S2. Relationship between diurnal-, circadian-, and
Suc-regulated genes overlapping with those contributing to variance
between cold experiments.

Supplemental Figure S3. The oscillations of circadian clock components
are dampened in light-dark cycles in the cold.

Supplemental Figure S4. The oscillations of circadian clock components
are stopped in continuous light in the cold.

Supplemental Figure S5. Experiment and replicate-specific bias in the
cold response of circadian-regulated genes that peak at different phases
of the day.

Supplemental Table S1. The cold-responsive transcriptome shows sig-
nificant correlation between independent experiments.

Supplemental Table S2. There are massive amounts of differences in
cold-responsive genes between independent experiments.

Supplemental Table S3. Primers used in this study.
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