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Low temperature negatively affects plant growth and metabo-
lism. Plant responses to cold involve massive transcriptional 
changes, and much effort has been made to identify these changes 
and their contribution to freezing tolerance. However, the influence 
of differences in environmental and developmental factors between 
experiments had not been investigated. We found that diurnal- and 
circadian-regulated genes are responsible for the majority of varia-
tion between experiments. Moreover, we demonstrated that the 
cyclic expression pattern of circadian clock components is affected 
by cold and that the cold induction of many transcription factors 
is dependent on the time of day. This means that genes identified 
so far as cold responsive are dependent on the time of day the 
experiment was performed and that paired diurnal controls are not 
sufficient to correct for this effect. Ongoing work to dissect the 
biological relevance of cold-diurnal regulatory interactions demon-
strated that some circadian mutants have altered freezing tolerance 
but that time-of-day appears not to affect freezing tolerance.

Influence of Circadian and Diurnal Regulation on the 
Identification of Cold-Responsive Genes

Extending our previous analyses of cold responsive transcripts,1,2 
we used microarray data from public sources as well as from our own 
experiments and identified massive differences in cold-responsive 
genes between independent studies. Diurnally regulated genes were 
the dominant source of these variations, highlighting that measures 
taken to minimize or eliminate the effect of diurnal or circadian 
regulation are insufficient.

To gain broader insights into the molecular basis of the inter-
action between cold and the circadian clock, we analyzed the 
expression of clock components and clock output genes during cold 
treatments (Fig. 1). The majority of oscillator components, after 
an initial cold response, showed diurnal cycles with dramatically 
reduced amplitude but similar peak expression in cold as under 
control conditions. Under circadian conditions in the cold, cycles 
stopped. Paired controls are insufficient to avoid circadian or diurnal 
variations because genes in control samples show normal amplitude 
cycles, thus diurnal and circadian regulated genes will clearly exhibit 
differences in relative changes in gene expression. Interestingly, LUX 
expression was maintained at the same amplitude under normal and 
cold conditions pointing to a unique regulation among the measured 
components. The probable importance of LUX is supported by the 
atypical arrhythmic phenotype of the single mutant.3,4

Temperature compensation of circadian clocks allows the main-
tenance of robust rhythms over a broad range of physiological 
temperatures. It has been shown that a balance between CCA1 and 
GI has a relevant role on this mechanism at lower temperatures down 
to 12°C.5 In our cold treatment, GI diurnal cycles decrease their 
amplitude almost completely, and in circadian conditions GI expres-
sion increases and stops to cycle. Since GI was implicated in both 
constitutive freezing tolerance and cold acclimation in Arabidopsis, 
via a CBF-independent pathway6 it is possible that transcriptional 
changes of GI, and other oscillator components, might be of rele-
vance for the cold response and freezing tolerance.

Time of Day Dependence of Cold Response

As a consequence of the circadian control of gene expression, a 
stimulus of equal strength applied at different times of the day can 
result in a different magnitude of the response. This effect is known as 
“gating”. The gated cold induction of low temperature-induced tran-
scription factors, such as CBF1-3, RAV1 and ZAT12 was previously 
demonstrated.7 Interestingly, we demonstrated widespread diurnal 
gating of cold responsive transcription factors, with more and stronger 
induction, to higher absolute transcript abundance, in the morning (2 
hours after dawn) than evening (14 hours after dawn). Comparison of 
initial transcript levels in the morning and evening revealed that this 
is due to an increased cold-induction, since the transcript levels for 
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most gated genes under control conditions were higher in the evening. 
Interesting, although some transcription factor families, such as AP2/
EREBP and C2C2(Zn) CO-like were particularly prominent, our 
data show that circadian gating is a general phenomenon and thus 
require a general regulatory mechanism, for example diurnal chro-
matin changes.8

Concluding Remarks

The biological meaning of changes in cyclic expression of clock 
components or output genes is intriguing. If circadian oscillations 
are stopped by cold and genes are maintained at different expression 
levels, they could make particular contributions to the cold response. 
The contribution of the circadian clock to plant fitness under normal 
growth conditions has been established.9,10 However, the role of the 
circadian clock for plants at low temperature is unknown. We are 
currently resolving this using measurements of growth, competitive 
advantage and freezing tolerance of clock mutants and wild-type 
plants. In this regard, we have observed that the cca1 single and cca1/
lhy double mutants are more sensitive to freezing in comparison to 
wild-type plants. However, the function of the massive gating in 
cold induction is less clear. The clock might affect the sensitivity of 
the regulation of CBF1-3, as was previously suggested.7 It may be 
that plants have particular requirements to face low temperature at 
different times of the day. To investigate whether such differences in 
the gating of the transcriptional response have an effect on freezing 
tolerance, we determined the ability of plants to cold acclimate after 
transfer in the morning or evening. Twenty-four hours of cold acclima-
tion assured the same duration of light, and as the plants do not fully 
acclimate by this time, temporal differences could be revealed. We 
quantified freezing tolerance by measuring leaf electrolyte leakage11 
before and after cold acclimation. Although significant acclimation 

occurred, differences in the nonacclimated (LT50: -6.85°C in the 
morning; -6.21°C in the evening), or acclimated (LT50: -8.29°C in 
the morning; -7.82°C in the evening) tolerance at the different times 
was not significant (unpublished data). Obviously, the physiological 
significance of diurnal gating of the cold induction of transcription 
factors requires further investigation. Currently, we are characterizing 
the system-wide metabolic and transcriptional changes throughout 
the day at low temperature and their significance in configuring plant 
responses to low temperature.
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Figure 1. Summary of the effect of cold in the expression of circadian clock genes. In diurnal conditions (A and B) cold dampens the cycle amplitude of 
clock components, such as lhy, cca1 (A, blue line). However, cold has an unique effect in lux expression (B, green line). In circadian conditions (C and D), 
the expression of clock components becomes arrhythmic (C, blue line). Cold generates different effects on the expression of output marker genes. They can 
be clamped to their maximum circadian expression level, as was observed for CAB2 (D, green line) or to their minimum, such as CAT3 (D, blue line). Grey 
bars represent night (A and B) or subjective night (C and D).


