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Abstract
Background  Temperate plants are adapted to survive winter chilling temperatures. However, the global regulatory 
landscape underlying acclimation to noisy and fluctuating natural cold conditions remains poorly investigated.
Results  We explore the transcriptome dynamics of Arabidopsis thaliana plants grown over weeks of a gradu-
ally decreasing temperature regime, mimicking natural cold conditions of autumn and early winter, including 
daily temperature fluctuations. Our results define two distinct genetic programs responding to either moderate 
cold (COOLING genes) or to temperatures below 10 °C (CHILLING genes). Transient induction of C-REPEAT/
DEHYDRATION-RESPONSIVE ELEMENT BINDING FACTORS (CBFs) lies in the boundary between COOL-
ING and CHILLING activation, while the core circadian clock component CIRCADIAN CLOCK-ASSOCIATED 
1 (CCA1) is essential for transcriptional responses both at moderate cold and chilling conditions. By profiling 
genome-wide chromatin accessibility, we demonstrate that the induction of cold-responsive genes is associated 
with an increase in promoter accessibility. In contrast, down-regulated genes do not lose promoter accessibility, 
allowing plants to rapidly reactivate transcription after the return to warm conditions.
Conclusions  Overall, our work provides a comprehensive view of the extent of transcriptome and promoter 
accessibility dynamics underlying plant adaptation to cooling and chilling conditions, revealing the function of 
key regulators at specific low temperature ranges.

Keywords  Arabidopsis thaliana · Responses to cold temperature · Transcriptional regulation · Epigenetics · 
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Background

Plants in temperate climates which undergo wintering must deal with progressive declines in daily temperatures 
over months and the fluctuations in the daily extremes of night and day temperatures. To survive such climates, 
plants have evolved fine-tuned mechanisms to sense both short and long-term temperature shifts and adapt their 
physiology accordingly. For example, upon exposure to low, but non-freezing temperatures (i.e., chilling tempera-
tures; 0˚C-15˚C), many plants improve their freezing tolerance through a process known as cold acclimation [1]. 
In some species, long-term exposure to chilling temperatures is in turn used as a developmental cue to trigger the 
switch to reproductive competence, also known as vernalization [2–4]. While the molecular bases of both short 
and long-term cold responses in plants grown in standard laboratory settings has been relatively well character-
ized, our understanding of how plants sense and integrate both simultaneous short-term daily fluctuations and 
long-term gradual declines remains elusive.

In Arabidopsis thaliana (Arabidopsis), exposure to cold quickly results in the induction of the expression of 
C-repeat/dehydration-responsive element binding factors (CBFs) genes [5], which in turn activate a set of COLD 
REGULATED (COR) genes to promote chilling and freezing tolerance [6]. CBF genes are transiently induced 
under constant cold (i.e. 4 °C), reaching a peak of induction within 3 h, followed by a rapid decline after 8 h [5, 
7, 8]. CBF expression also relies on the circadian clock, as central dawn-phased transcription factors, (i.e. CIR-
CADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE-ELONGATED HYPOCOTYL (LHY)), play a key role 
in their induction during cold exposure [8, 9]. However, the pattern of CBFs expression during natural wintering 
conditions and how the clock contributes to cold acclimation in these conditions remain unclear.

Over the much longer timescale of months of winter cold, vernalization enables flowering in spring via the 
stable inactivation of the floral repressor FLOWERING LOCUS C (FLC). Silencing of FLC occurs by deposi-
tion of the histone mark H3K27me3 leading to increased chromatin compaction [2–4]. This involves the action 
of Polycomb Repressive Complex 2 (PRC2) in association with the PLANT HOMEODOMAIN (PHD) protein 
VERNALIZATION INSENSITIVE 3 (VIN3), the latter of which is partially induced by CCA1 and LHY during 
early winter upon exposure to chilling temperatures (12˚C) [10]. VIN3 mRNA increases quantitatively over weeks 
of cold under laboratory-controlled constant conditions and in natural fluctuating environments [11]. Thus, VIN3 
mRNA abundance provides a “memory” of time in the cold [11]. While the FLC locus and VIN3 mRNA serve as 
well-described examples of chromatin dynamics in response to cold and the plants’ ability to record the duration 
of cold, it remains unclear whether other mechanisms unrelated to vernalization exist. Although cold is known 
to affect global chromatin accessibility in constant conditions, little is known about chromatin dynamics during 
naturally declining temperature conditions [12–16].

In the present study, we aimed to decipher the regulatory steps required for Arabidopsis adapting to winter cold 
using a temperature regime mimicking natural wintering conditions. We observed that progressive cold, whether 
fluctuating or not, induces two principal patterns of gene regulation that are sequentially activated as tempera-
ture decreases. We define these two distinct genetic programs as responding to either moderate cold (COOLING 
genes) or to temperatures below 10 °C (CHILLING genes). Furthermore, we assessed genome-wide chromatin 
accessibility dynamics in response to gradually declining temperature environments. Induction of cold-responsive 
genes was associated with an increase in promoter accessibility whereas down-regulated genes including those 
related to photosynthesis remained accessible, probably allowing for their rapid reactivation upon the return of 
favorable conditions. We also uncovered a complex network of transcription factors regulating cold-responsive 
genes. This analysis revealed that CBF genes are expressed and regulate genes at the interface between COOL-
ING and CHILLING programs, while CCA1 is required for both programs.
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Results

Seasonal decreasing temperatures lead to major changes in the Arabidopsis transcriptome

To simulate a natural temperate autumn/early winter scenario in the lab, we grew Arabidopsis thaliana Col-0 
plants in soil for two weeks at 22 ˚C in short-day conditions (SD; 8 h photoperiod) before exposing them to pro-
gressively declining temperatures from 22 ˚C to −2 ˚C for four additional weeks, with regular daily fluctuations 
(fluctuating, FLU) emulating the temperature pattern seen in a previous Swedish autumn (Fig. 1A and B; Addi-
tional file 1: Fig. S1A; Additional file 2: Table S1). Plants were sampled every week at midday (ZT4) for RNA-
seq experiments, for a total of five sampling points. We also sampled from a set of control plants kept at constant 

Fig. 1   Effects of a simulated autumn-to-winter scenario on the Arabidopsis thaliana transcriptome. A Experimental 
design. Plants were grown in a growth chamber in SD conditions at 22  °C for two weeks. After this period, the plants 
continued to grow for another four additional weeks either at 22 °C (22C; grey line) or in a decreasing temperature profile, 
i.e. fluctuating (FLU; blue line) or average (AVG; orange line) temperatures (adjusted daily). B Temperature profiles used 
during the experiment starting from two weeks after germination. FLU temperature regime (in blue) was designed accord-
ing to natural days in autumn measured in Eden, Sweden (in green, sowing date in autumn 2009). The means of FLU tem-
peratures were determined daily to generate the AVG temperature (in orange). Sampling time-points are indicated for both 
the RNA-seq and the ATAC-seq experiments (▴), with indication of the sampling week (W). C Representative pictures 
of wild-type Arabidopsis plants grown under FLU or AVG conditions for 4 weeks. D Number of differentially expressed 
genes (down-regulated: left panel; up-regulated: right panel) between control and cold-exposed plants by week (W) as 
obtained by RNA-seq experiments. All FLU and AVG comparisons were performed with the matching control samples 
(22C) from the same week. Genes with a fold-change of at least 2 and an FDR less than 0.01 were considered differentially 
expressed. E Heatmap of Z-scores of clustered gene expression data from the RNA-seq. Genes from each cluster were used 
for GO enrichment analysis, followed by semantic enrichment using enriched terms and plotted as a word cloud for each 
cluster. F Diagrammatic representation of cold-modulated genes belonging to the three distinct transcriptional programs, 
using the average Z-score expression of all genes per cluster
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22 ˚C (22C). To further dissect the effect of daily fluctuations on longer term adaptation to cold temperature, we 
also exposed a set of plants to the average daily temperatures of cold-exposed plants without any fluctuations for 
additional RNA-seq experiments (average, AVG). Both FLU and AVG plants underwent similar severe reductions 
in growth rate in comparison to control plants (Fig. 1C; Additional file 1: Fig. S1B), underscoring the strong 
effect of declining temperature on plant development. Furthermore, we also detected a significant acceleration 
in flowering time for AVG and FLU samples (Additional file 1: Fig. S1C).

We generated 39 RNA-seq datasets with 3.37 billion reads in total from our sampled material (Additional 
file 2: Table S2), with high inter-replicate correlations (Additional file 1: Fig. S2A). Differential gene expression 
(DE) analyses revealed a gradual divergence in the transcriptomes of plants exposed to AVG or FLU declining 
temperature conditions compared to the plants exposed to  22 C for the same period of time (Fig. 1D). A compari-
son between the initial week 0 samples with the AVG and FLU samples revealed a similar trend, with increased 
numbers of DE genes over time (Additional file 1: Fig. S2B; Additional file 3: Table S1). We also observed a 
sharp increase in the number of DE genes from week 2 to week 3 of the experiment, corresponding to 7.8 °C 
and 4.4 °C measured AVG temperatures, respectively (Fig. 1D). We found few significantly DE genes between 
the transcriptomes of AVG and FLU plants (Additional file 1: Fig. S2C), though AVG plants generally had an 
increased number of DE genes compared to FLU plants for most weeks (Fig. 1D). Possible explanations for this 
phenomenon may be related to the temperature fluctuations, with warmer (above average) temperatures attenuat-
ing transcriptional responses, or to the temperature of the plants at the time of sampling, which was consistently 
higher in FLU plants (Additional file 1: Fig. S1A; Additional file 2: Table S1). However, despite the differences 
in temperature at sampling, we detected equivalent numbers of DE genes under AVG and FLU conditions at 
week 3 of the experiment (Fig. 1D). Together, our results demonstrate that independent of the daily temperature 
patterns, the gradual drop in temperature across the autumn–winter causes a significant reprogramming of the 
plant transcriptome.

Distinct transcriptional programs underlie autumn–winter progression

We next tested for the possible existence of distinct transcriptional programs. To this aim, we clustered the 
RNA-seq data and detected three main transcriptional response patterns for both increasing and decreasing gene 
expression in AVG and FLU plants: 1W-responsive genes, which were down (D) or up-regulated (U) in week 1 
upon decreasing temperature treatment (D1/U1); 3W-responsive genes, which changed in week 3 (D3/U3); and 
dynamically-responsive genes (DYN), which gradually changed over the course of the entire experiment (D2/U2) 
(Fig. 1E, F; Additional file 3: Table S2). Up-regulated genes (U1-U3) in these three patterns were enriched for 
distinct functional gene ontology (GO) pathways, with increased expression of cell cycle, external stimulus and 
chloroplast-related genes in the 1W-responsive cluster; developmental and cellular organization-related genes in 
the 3W-responsive cluster; and finally ribosome and transcription process-related genes in the DYN-responsive 
cluster (Fig. 1E; Additional file 3: Table S3). Down-regulated genes (D1-D3) were instead enriched for stress-
related terms such as hypoxia among 1W-responsive genes; amino acid biosynthetic pathways among DYN-
responsive genes; and photosynthesis-related terms among 3W-responsive genes (Additional file 3: Table S3). 
GO enrichment analysis of RNA-seq clusters revealed that cold stress response genes are enriched in U1 and U2 
(Additional file 3: Table S3).

While the overall patterns of gene expression were highly similar between AVG and FLU conditions, we did 
observe a slight lag in the FLU gene expression per week between conditions (Additional file 1: Fig. S2B). There-
fore, at the global scale, seasonal decreasing temperatures reshape the Arabidopsis transcriptome in three main 
patterns of sustained transcriptional responses over time. It is worth noting that the time-course experiment was 
carefully designed to capture cold-specific transcriptome responses. To this end, we fixed sampling time (ZT4) 
and day-length (SD) to minimize potential circadian and photoperiodic effects. While the possibility remains that 
our data do not accurately detect genes with maximum expression peaks outside ZT4, most of the thousands of DE 
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genes belonging to clusters U1-U3 and D1-D3 (Fig. 1E, F; Additional file 3: Table S2) are very likely uniquely 
responding to the continuously decreasing temperatures.

Progressive cold sequentially triggers the COOLING and CHILLING genetic programs

To explore the regulatory features of the three major transcriptional patterns observed, we focused our analysis on 
the clusters of up-regulated genes (U1-U3, Fig. 1E, Additional file 1: Fig. S3A). We selected three genes show-
ing increased transcript accumulation in each transcriptional program from our RNA-seq data: 1W-responsive 
genes (EMB2746, HCAR​, SCPL49), 3W-responsive genes (RD29B, RD29A, TPR) and DYN-responsive genes 
(KIN1, EARLI1, AZI1) (Fig. 2A, Additional file 1: Fig. S4). For the  3 W and DYN categories, we selected genes 
with previously reported function in Arabidopsis cold acclimation and freezing tolerance (RD29B, RD29A, 
KIN1, EARLI1 and AZI1) [18–20]. We also included the TETRATRICOPEPTIDE REPEAT (TPR)-LIKE gene 
(AT1G80130), which although its function remains undescribed, it appears within top hits in previous tran-
scriptomic analyses [6, 21]. For the genes falling in the  1 W category, we selected 3 genes out of the 219 genes 
falling in the U1 cluster (Fig. 1E, F; Additional file 3: Table S2), which had relatively constant expression over 
time in 22 °C conditions and significant activation from  1 W onwards at both AVG and FLU. We estimate that 
nearly 50 percent of the genes within U1 show similar expression profiles as these selected candidate  1 W genes 
(Additional file 1: Fig. S5). Despite some differences at individual time-points, all nine genes tested showed the 
expected and similar patterns both under AVG and FLU conditions at most weeks (Fig. 2A, Additional file 1: Fig. 
S4). These observations show the plants' ability to largely buffer against the noise of temperature fluctuations, 
instead integrating and responding to an average decreasing temperature signal. We validated this further using 
an additional cold time-course with plants exposed to stepwise decreasing temperatures, wherein the temperature 
was kept constant for a week (Fig. 2B; Additional file 1: Fig. S4). The weekly temperature setting corresponded 
to the mean temperature of each week under AVG conditions, lowering the temperature by 4 °C per week (14 °C 
in week 1, 12 °C in week 2, 6 °C in week 3 and 2 °C in week 4; Additional file 2: Table S1). Plants exposed to 
weekly decreasing temperatures (WEEK) as well as a control group maintained at 22 °C (CTL) were sampled 
every week and subjected to RT-qPCR analysis. The expression profiles of the 1W-, 3W- and DYN-responsive 
genes were highly similar between the three experimental conditions (WEEK, AVG and FLU), demonstrating 
that plants can effectively buffer transient temperature fluctuations, while responding to a cumulative signal of 
progressively decreasing temperature.

We also observed that 1W-responsive genes were significantly activated at 10 °C, whereas 3W- and DYN-
responsive genes only responded when temperature drop to 6 °C (Fig. 2A and B; Additional file 1: Fig. S4). 
Therefore, the WEEK experiment helped us narrow down the temperature thresholds for significant transcript 
accumulation of 1W- (< 14 °C) and 3W-responsive genes (< 10 °C). Interestingly, the DYN genes behaved like 
3W-responsive genes in the WEEK experiment, implying that the dynamic pattern may only be observed when 
temperature continuously changes over time. To further refine the temperature thresholds for activation of 1W-, 
3W- and DYN-genes, we exposed two-week-old Arabidopsis plants to ten different temperatures varying from 
5 °C to 21 °C for the same period of time (1 day; 1D) using a thermal gradient table [22]. We assessed tran-
script accumulation of the nine selected genes belonging to the distinct transcriptional programs at each specific 
temperature by RT-qPCR. The data demonstrated that expression of 1W-responsive genes become significantly 
activated and saturated at temperatures varying from 16.5 °C to 13 °C (Fig. 2C; Additional file 1: Fig. S6). In 
contrast, 3W-responsive genes required 10.9 °C or lower for significant activation. As in the WEEK experiment, 
dynamic genes fell within the  3 W temperature range. These results demonstrate a clear distinction between 
the genetic programs primarily responding to either moderate cold temperatures (COOLING genes) or chilling 
temperatures (< 10 °C; CHILLING genes).

The distinction between the COOLING and CHILLING gene programs was further supported by comparing the 
expression profiles of genes in clusters U1–U3 (Fig. 1E; Additional file 3: Table S2) with a previously published 

https://doi.org/10.1186/s13059-026-04289-3


https://doi.org/10.1186/s13059-026-04289-3Article in Press

	 Genome Biology

RNA-seq dataset of Arabidopsis plants exposed to constant cold (4 °C) for three weeks [17] (Fig. 2D). This 
analysis revealed that most COOLING genes reached their peak expression within 6 h of exposure to constant 
cold, whereas CHILLING genes required prolonged low-temperature treatment for activation. These findings also 
highlight the graded nature of low-temperature perception in plants. After six hours at 4 °C, plants do not yet 
initiate the CHILLING program but instead engage a moderate cold (COOLING) response, suggesting an active 
mechanism distinguishing transient cooling from sustained cold exposure.

Fig. 2   Discrete temperature thresholds dictate distinct functional transcriptional programs. A Expression profiles of 
selected candidate genes, obtained from plants grown at 22 ˚C under SD conditions for 2 weeks before exposing them to 
FLU (blue), AVG (orange) or  22 C (grey) conditions (visualized in the left-most panel). Error bars show the standard error 
of the mean (SEM) from three RNA-seq biological replicates. B RT-qPCR validation of transcriptomic data using selected 
candidate genes. Seedlings were grown at 22 °C (CTL; grey) under SD conditions for 2 weeks and then exposed to weekly 
temperature blocks (WEEK; green). Gene expression was normalized to the reference gene PP2A. Error bars indicate SEM 
from six biological replicates. Each sample contained more than 50 seedlings. Statistically significant differences were 
evaluated by a one-way ANOVA with a Tukey-HSD post hoc test. Asterisks indicate significant differences between two 
treatments (p < 0.05). C Relative expression of selected candidate genes upon exposure to specific temperatures along a 
gradient. Plants were grown at 22 °C in SD conditions on a thermal gradient table (grey) for 2 weeks and then exposed for 
1D to selected temperatures across a gradient ranging from 5.2 °C to 20.9 °C (blue). Error bars indicate SEM. The experi-
ment was performed three times and each sample contained at least 50 seedlings. Letters indicate statistically significant 
differences (p < 0.05) as determined by a one-way ANOVA followed by a Tukey- HSD post hoc test. D Boxplots of Z-score 
expression values from the Liu et al. (2022) RNA-seq [17] of genes from the up-regulated clusters (U1-U3) in this study. 
The most comparable subset of timepoints from Liu et al. [17] (up to 3 weeks of cold exposure) were used
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Temperature before time is the major driver of cold transcriptional reprogramming

Despite the presence of major (Figs. 1E, 2) temperature-related transcriptional patterns described above, we 
questioned whether some of their up-regulation could be explained in part by the progression of time, in addition 
to low temperature, as has been previously proposed for VERNALIZATION INSENSITIVE 3 (VIN3) [4, 23]. VIN3 
is a key thermosensory component of the vernalization mechanism which slowly and progressively increases in 
response to weeks of winter cold [23]. In our dataset, VIN3 appeared among the DYN-responsive genes in the 
CHILLING group (U2, Additional file 3: Table S2; Fig. 3A). Our analysis of the expression levels of COOLING 
and CHILLING genes in the Liu et al. RNA-seq dataset (Arabidopsis plants exposed to constant 4 ˚C for three 
weeks [17] suggested that they are primarily responsive to temperature before time (Fig. 2D). Among the CHILL-
ING group, the 3W- and DYN-responsive genes (U2 and U3; Additional file 3: Table S2), which require at least 
two weeks for significant activation in the cold time-course, reach their maximum expression levels within 24 h 
of exposure to 4 ˚C. In contrast, VIN3 required 3 weeks for significant activation under constant cold (Fig. 3B), 
further demonstrating the unique time-dependent regulation of VIN3 expression [4, 11, 23]. Noteworthy, we 
could identify a small number of genes in each cluster with VIN3-like expression patterns in this experiment 
(Additional file 1: Fig. S3B).

To further test the impact of time and temperature on gene expression, we calculated the percent gene expres-
sion variance explained when modeled by these two variables. This revealed that temperature at sampling is the 
likely driver of gene expression changes for most genes, no matter the order of variables in the model or which 
cluster the genes are from (Fig. 3C; Additional file 1: Fig. S3C). Altogether, these data confirmed that the consid-
erable changes to the plant transcriptome observed in a simulated autumn–winter scenario are caused primarily 
by temperature. Only a subset of cold-inducible genes also require time for activation (Additional file 1: Fig. 
S3B; Additional file 3: Table S4).

Transient CBF expression defines the boundary between COOLING and CHILLING program activation

To investigate whether any genes were regulated at the interface between COOLING and CHILLING transcrip-
tional programs, we looked for genes which were significantly up-regulated in week 2, but not weeks 1 or 3, in 
either AVG or FLU compared to  22 C and found 269 and 169 such examples, respectively (Additional file 3: 
Table S5). Curiously, among genes present at the temperature- and temporal-dependent separation in activation 

Fig. 3   Temperature before time is the major driver of cold transcriptional reprogramming. A Expression profile of VIN3 
derived from the RNA-seq dataset obtained from plants grown at 22 ˚C under SD conditions for 2 weeks before exposing 
them to FLU (blue), AVG (orange) or  22 C (grey) conditions. Error bars show the standard error of the mean (SEM) from 
three RNA-seq biological replicates. B Z-score values of VIN3 expression values in the Liu et al. (2022) RNA-seq dataset 
[17]. C Percent variance of gene expression of all genes in the RNA-seq experiment explained by temperature parameters 
at the moment of sampling, the maximum or minimum daily temperature of the sampling day, or time. Residuals represent 
the remaining unexplained percent of gene expression by the model for each gene
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of these two programs, we identified the well described CBF cold-responsive transcription factors. In clear 
contrast to the thousands of cold-inducible genes defined by our clusters U1-U3 (Fig. 1E; Additional file 3: 
Table S2), whose expression is induced and sustained at different ranges of cold temperatures (Fig. 1F), CBF 
genes were only transiently activated during the cold time-course. We observed that CBF2 and CBF3 expression 
peaked under AVG conditions at week 2 of the experiment (Fig. 4A), with 7.8 °C measured at time of sampling 
(Additional file 2: Table S1), while CBF1 was not induced in the cold time-course. Based on these observations, 
we hypothesized that activation of the CHILLING but not of the COOLING program was dependent on CBF2/3 
activity. To verify this, we tested expression of COOLING and CHILLING genes in WT and cfb123 triple mutant 
plants [21]. Our data showed that functional CBFs are not required for the induction of the selected COOLING 
genes, while they appear essential for the full activation of some but not all of the CHILLING genes under our 
experimental conditions (Fig. 4B). These results suggest that transient activation of CBF transcription factors 
under natural conditions initiate the plant cold acclimation program by triggering the activation of a sub-group 
of CHILLING genes. Furthermore, we compared our data to the CBF-regulated genes defined by previous works. 
We observed that out of the 133 genes belonging to the “CBF regulon” [24], 45 (34%) were CHILLING genes 

Fig. 4   Regulation of the CHILLING program by CBF genes. A Expression profiles of CBF1, CBF2 and CBF3 under AVG 
(orange), FLU (blue) and  22 C (grey) conditions from RNA-seq analysis. Error bars show the standard deviation of the 
mean from three RNA-seq biological replicates. B Relative expression of selected genes belonging to the CHILLING and 
COOLING transcriptional programs in Col-0 wild-type and cbf123 triple mutant plants. Plants were grown at 22 °C under 
SD conditions for 2 weeks before being exposed either at 22 °C or at 4 °C for 1D. Gene expression was assessed by RT-
qPCR in whole seedlings relative to the reference gene PP2A. Error bars indicate SEM. Three biological replicates were 
performed, and each sample contained more than 50 seedlings. Asterisks show significant differences between two samples 
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) as determined by a one-way ANOVA followed by a Tukey-HSD 
post hoc test. C-E Venn diagrams showing the gene overlaps of the COOLING and CHILLING programs (Supplementary 
Data Set 2) described in this work with three different publicly available datasets for CBF genes: C RNA-seq of CBF1/2/3 
overexpressing lines at 22 °C by Park et al. [24]; D RNA-seq analysis of cbf triple mutant at different times at 4 °C by Jia 
et al. [21]; E RNA-seq analysis of cbf triple mutant at different times at 4 °C by Zhao et al. [6]. F Schematic representation 
of transient expression of CBFs is at the interface of COOLING and CHILLING gene induction
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while only 8 (6%) fell in the COOLING category (Fig. 4C). Likewise, 37.5% (42/112) and 23% (81/353) of the 
CBF-regulated genes reported by Jia et al. [21] and Zhao et al. [6] in their  4 °C transcriptome studies, respectively, 
belonged to the CHILLING group, while only 6% (7/112) and 3% (11/353) of the genes from each dataset fell into 
the COOLING category (Fig. 4D, E). This analysis further reinforces that CBF factors majorly regulate a subset 
of CHILLING genes, while only a reduced number of COOLING genes are affected by CBF function (Fig. 4F).

Functional circadian clock and light signaling is required for COOLING and CHILLING responses

Our results revealed that a subset of CHILLING genes require CBF for transcriptional activation in response 
to cold (Fig. 4F). However, if and which additional factors control the CHILLING program and what upstream 
regulatory factors lead to induction of the COOLING program remained in question. To answer this, we profiled 
changes in genome-wide chromatin accessible regions (ACRs) during the cold time-course, as promoter proxi-
mal ACRs could allow us to predict putative regulatory TFs. We thus performed ATAC-seq of a subset of plants 
grown in  22 C and FLU conditions from the RNA-seq experiment (Fig. 1B). In total, 16 ATAC-seq libraries, with 
2 replicates per week and condition were prepared and sequenced (Additional file 2: Table S3). Most detected 
promoter accessibility changes in plants exposed to increasing cold over the course of the entire experiment 
were associated with increasing accessibility (clusters A1 and A2; Fig. 5A; Additional file 3: Tables S6 and S7). 
Genes with increasing promoter accessibility were enriched for similar pathways as seen in the RNA-seq clusters 
of genes with increasing expression in cold conditions (Additional file 1: Fig. S7A; Additional file 3: Table S8).

We subsequently performed motif enrichment from the ACR sequences of promoters with increased acces-
sibility in cold. Several known cis elements, including the G-box [25], TCP elements [26], ACE [27]/bZIP [28], 
CE3 [29], the Site II motif [30], and the E2F binding site [31] were found to be highly overrepresented (Fig. 5B; 
Additional file 3: Table S9). Next, we searched our RNA-seq data for cold-responsive TFs whose known bind-
ing sites were enriched at ACRs with increasing accessibility during cold (Fig. 5C). In order to validate these 
results, among the identified candidate TFs (Fig. 5C), we focused our attention on two key regulators, CCA1 
and HY5, as these were previously reported to have a role in response to cold in Arabidopsis [32, 33]. Consider-
ing their expression profiles in our RNA-seq data, CCA1 showed significant transcript accumulation at cooling 
temperatures, which was sustained at lower temperatures (Fig. 6A). In contrast, HY5 was more responsive to 
chilling temperatures (Fig. 6A). Given their differential activation in the cold time-course, we hypothesized 
that CCA1 and HY5 could be involved in the regulation of COOLING and CHILLING genes, respectively. We 
therefore assessed expression of the 9 candidate genes described above in 2-week-old wild-type, and cca1 and 
hy5 mutant plants exposed to either 12 °C or 4 °C during 1D and 7D (Fig. 5D, E; Additional file 1: Figs. S8, S9 
and S10). While HY5 seemed to regulate only a specific subset of genes, CCA1 showed a profound effect on 
transcript accumulation at both temperatures assayed. All genes, except for AZI1 at 12˚C, showed significantly 
less activation in cca1 plants after 1D at both cooling and chilling temperatures. Likewise, both COOLING and 
CHILLING genes are significantly less induced in cca1 after 7D at both 12 °C or 4 °C (Additional file 1: Fig. 
S10). These results further support the essential role of the circadian regulator CCA1 in gene activation at 12 °C 
and lower temperatures (Fig. 5F).

The association of discovered motifs from ATAC-seq clusters (Fig. 5B) with a broad range of cold-induced TFs 
with similar known binding sites revealed a complex network of regulators associated with distinct temperature 
activations (Fig. 5G; Additional file 3: Table S10). This analysis yielded additional candidate HY5 targets includ-
ing COR28, which together are known co-regulators of photomorphogenesis [35], as well as the cold gene COR47 
[36]. We also found CHE, a key regulator of CCA1 [37] as a candidate repressor whose target ACRs gain acces-
sibility as its expression decreases over time in the cold. Similar declining expression of highly connected TFs 
in the network such as TCP7 and HBI1 may explain in part the reduction in leaf growth rate [38, 39]. Significant 
additional efforts should be devoted to determining which TFs specifically regulate each transcriptional program.
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Fig. 5   A network of transcription factors drives increased promoter accessibility at cold-responsive genes. A Heatmap of 
Z-scores of clustered peak accessibility data from the ATAC-seq, showing clusters A1, A2 and A3. B Enrichment of de 
novo discovered motifs from ATAC-seq clusters using negative log10-transformed adjusted overrepresentation P-values. 
The motifs (putative elements) are drawn as information content matrices to the right. C Known transcription factor bind-
ing sites that are significantly enriched in the ACRs of clusters A1, A2 and A3. Enrichment was determined using sea [34] 
and plotted as the negative log of the Q-value against the log fold-change of the transcription factor’s expression in week 
4 of the FLU RNA-seq data. D Temperature profile used for Fig. 6E. Plants were grown at 22 °C under SD conditions 
for 2 weeks and then exposed for 1D to either 4 °C (4C; green), 12 °C (12C; red) or constant 22 ˚C (22C; grey). E Rela-
tive expression of selected candidate genes from Col-0 wild-type and cca1 mutant plants grown as described in Fig. 6D. 
Gene expression was assessed by RT-qPCR using whole seedlings relative to the reference gene PP2A. Error bars indicate 
SEM. At least 3 biological replicates were performed for each condition. Each sample contained more than 50 seedlings. 
A one-way ANOVA followed by a Tukey-HSD post hoc test was performed indicate the significant differences. Asterisks 
show significant differences between two samples (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). ‘ns’ stands for 
non-significant. F Schematic representation of CCA1 expression profile relative to genes belonging to the CHILLING and 
COOLING programs. G Connectivity network of transcription factors and target genes inferred from the integration of 
RNA-seq and ATAC-seq data, using the de novo discovered motifs (M1-M7). Transcription factor-gene pairs with a match-
ing binding site in the promoter ACR and a Pearson correlation of expression greater or equal to 0.5 were used to create 
networks for ATAC-seq clusters A1 and A2
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Daily oscillations of circadian clock and light signaling components are dampened during autumn–
winter progression

Our results showed that Arabidopsis plants largely buffer gradual seasonal temperature fluctuations at the tran-
scriptomic scale (Fig. 1E, F), progressively activating COOLING and CHILLING genes (Fig. 2), partly depend-
ent on the function of the regulatory TFs CCA1 and HY5. However, we noticed that expression of CCA1 and 
HY5 appears particularly sensitive to FLU conditions (Fig. 6A). Furthermore, we identified 153 genes that were 
significantly DE (two-fold change) between AVG and FLU conditions (95 up-regulated in AVG and 58 in FLU; 
Additional file 3: Table S11). GO analysis revealed that genes with higher expression under AVG were enriched 
for circadian clock and light response functions (Fig. 6B; Additional file 3: Table S12), whereas genes with higher 
expression in FLU were related to nutrient metabolism and hormone signaling (Fig. 6B).

Like CCA1 and HY5, several TF genes with functions linked to photoperiodic flowering CONSTANS (CO) and 
FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1)) or circadian regulation, including EARLY FLOWERING 

Fig. 6   Daily oscillations of circadian clock 
and light signaling components in long-term 
cold. A Expression profile from RNA-seq 
data of circadian clock and light signaling 
genes under  22 C (grey), AVG (orange), 
and FLU (blue) conditions. Error bars show 
the standard deviation of the mean from 
three RNA-seq biological replicates. B GO 
analysis of up-regulated genes in AVG (left; 
n = 95) and FLU (right; n = 53) conditions. 
Top 5 representative terms are listed and 
ranked by P-values. C Daily temperature 
profile at  3 W under  22 C (in grey), AVG 
(orange), and FLU (blue) conditions. D and 
E Col-0 seedlings (leaves and apices) were 
collected every 4 h over a 24-h period at  
3 W under AVG, FLU, and  22 C at lights-on 
(Zeitgeber time 0) for RT-qPCR experi-
ment. Transcript levels were normalized 
to PP2A. Error bars indicate mean ± SEM. 
3 biological replicates were performed for 
each condition. Red arrowheads depict the 
equivalent time-point to  3 W in (A). Grey 
boxes indicate dark period (lights off)
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4 (ELF4), PSEUDO-RESPONSE REGULATOR 5 (PRR5), PRR9, REVEILLE1 (RVE1), RVE2, CYCLING DOF 
FACTOR 6 (CDF6) and B-BOX DOMAIN (BBX) genes (BBX18/30/31), were significantly more induced in AVG 
compared to FLU conditions (Fig. 6A; Additional file 1: Fig. S11A and S11B) [40, 41]. Similarly, expression of 
the light-signaling HY5 HOMOLOG (HYH), as well as of the temperature- and light-responsive genes COR27 
and COR28, was attenuated by daily temperature fluctuations [42, 43]. The reduced expression of these light- and 
circadian-responsive genes may, at least in part, reflect the higher temperature at sampling, which was consist-
ently higher in FLU conditions. Conversely, the differential expression patterns could also be the result of diurnal 
oscillations.

To disentangle temperature effects from circadian regulation of this subgroup of light- and circadian-responsive 
genes, we carried out a second temperature time-course following the same settings as in Fig. 1. We collected 
samples every 4 h at the  3 W time-point (Fig. 6C) to test expression of CCA1, COR27, COR28, HY5, HYH, 
ELF4, PRR5 and PRR9 genes by RT-qPCR (Fig. 6D; Additional file 1: Fig. S11C). All genes presented diurnal 
oscillation in warm conditions (22C). As previously reported, cold temperature conditions (both AVG and FLU) 
attenuated the amplitude of diurnal oscillations (Fig. 6D; Additional file 1: Figure S11C; [44]). We repeatedly 
detected higher accumulation of all transcripts at ZT4 under AVG compared to FLU, showing the robustness 
of our experimental setting. However, these ZT4 differential expression levels were not maintained throughout 
the 24 h period. Instead, transcript accumulation at  22 C intersected AVG and FLU levels in a time-of-the-day-
dependent manner. In contrast, expression levels of the CHILLING genes AZI1, EARLI1 and KIN1 at AVG/
FLU were significantly different from  22 C throughout the 24 h period (Fig. 6E). These results indicate that the 
seasonal, long-term exposure to low temperature, both under AVG or FLU regimes, dampens the diurnal oscil-
lations of clock and light regulators. Thus, what looks as a cold-dependent induction of these genes over time 
at a specific time of the day (ZT4) is in fact the result of them reaching the maximum expression levels of each 
day in the warm (22C).

Long‑term, progressive cold treatment confers robust cold acclimation

Although we did not detect major differences between AVG and FLU at the transcriptomic scale over weeks 
(Fig. 1E, F) or during a 24 h period in  3 W (Fig. 6D), we still wondered whether AVG or FLU would have a dis-
tinct effect on plant growth and freezing tolerance. To assess this, in the independent experimental repeat of the 
temperature time-course, we included mutants of the regulatory TFs cbf123 (Fig. 4B), cca1 (Fig. 5E; Additional 
file 1: Figs. S8 and S10) and hy5 (Additional file 1: Fig. S9), as well as two alleles of the novel COOLING gene 
HCAR, and the previously characterized CHILLING gene AZI1 [45]. Due to the extremely poor germination of 
cca1 under SD, we could not include it in our analysis. We quantified fresh weight (FW) and dry weight (DW) 
in AVG, FLU and  22 C (Additional file 1: Fig. S12), observing a marked retardation of growth, and therefore 
decreased FW and DW, for all genotypes under AVG and FLU. Plants showed no significant differences in FW and 
DW under 22C. In AVG, cbf123 and hy5 showed significantly lower FW and DW compared to Col-0. In contrast, 
azi1-1 appeared less sensitive to chilling, showing higher water retention (higher FW) and biomass (higher DW). 
Under FLU, cbf123 and azi1-1 were consistently more affected by cold, while hy5 was indistinguishable from 
WT. These results reinforce the role of HY5 and CBF in Arabidopsis chilling tolerance, and revealed that AZI1 
is required to induce growth retardation under chilling conditions. Conversely, hcar mutants behaved like Col-0 
under all conditions tested, suggesting that the COOLING gene HCAR​ may not be related to chilling tolerance.

We next evaluated the effect of AVG and FLU on plant freezing tolerance by exposing plants to below zero 
temperatures at the end of the experiment. Surprisingly, all genotypes showed 100% survival to freezing following 
acclimation at FLU and AVG, while plants incubated at  22 C were severely affected by the freezing treatment 
(Additional file 1: Fig. S13A). The only visible effect of the freezing treatment for both AVG and FLU plants was 
a delay in flowering time (Additional file 1: Fig. S13B and S13C). These results demonstrate that the reduced 
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tolerance to freezing of cbf123, hy5 and azi1-1 mutants after relatively short cold acclimation at constant cold [6, 
19, 32] can be overcome by a longer decreasing temperature treatment that mimic autumn–winter progression.

Promoter accessibility of cold down‑regulated genes is maintained during the cold season for fast 
reactivation in the spring

Progressive cold leads to significant transcriptional reprogramming (Fig. 1E). Under our experimental settings, 
we detected thousands of up- and down-regulated genes, with the number of down-regulated genes being almost 
double the count of up-regulated genes in week 4 under AVG and FLU conditions (Fig. 1D). However, this marked 
trend towards transcriptional repression was not reflected in the global levels of genome accessibility (i.e. cluster 
A3 is much smaller than A1 and A2; Fig. 5A). Likewise, when comparing the average accessibility changes of 
the most up-regulated genes in the final week of cold in FLU conditions, we observed a clear trend of increasing 
promoter accessibility (Fig. 7A). Conversely, there was no average loss of average promoter accessibility for the 
most down-regulated genes.

Down-regulated genes in our conditions were mainly associated with plant metabolism, biosynthesis and 
photosynthesis (Fig. 1E), processes known to be attenuated by the plant to survive winter conditions [46]. Thus, 
we wondered whether promoters remaining accessible was associated with plants needing to quickly reactivate 
their metabolic activity when the temperatures become favorable again. To answer this question, we monitored 
expression of five randomly selected photosynthesis-related genes belonging to clusters D1-3 (Fig. 1E). We 
repeated the WEEK time-course of Fig. 2B, but in this case, we moved the plants back to 22 °C for 1 d at the end 
of the cold treatment (Fig. 7B). RT-qPCR analysis revealed that all down-regulated genes tested are reactivated 
when plants return to warm conditions (Fig. 7C). These results suggest that cold adaptation is not associated with 
a genome-wide loss of accessibility despite the large number of down-regulated genes, which likely allows the 
plant to rapidly reactivate transcription after the return of favorable conditions.

Discussion

Plants have evolved complex mechanisms to tolerate and adapt to progressively declining average daily tempera-
tures during the change of seasons from autumn to winter, while also contending with large daily fluctuations. 
However, how plants integrate and adapt to cold has so far mainly been investigated under constant temperatures 
(e.g. 4 °C). One pioneering transcriptomic study in Arabidopsis halleri has provided insight in how plants inte-
grate environmental cues to adapt to seasonal changes [47]. Here, we show that the regulation of the transcrip-
tome in A. thaliana during such changing conditions is highly complex, with a subset of genes responding to 
daily average temperatures irrespective of the temperature extremes from daily fluctuations (Fig. 1E, F), while 
the apparent sensitivity to fluctuating temperatures of a smaller number of genes related to light and circadian 
regulation (Additional file 3: Table S11; Additional file 3: Table S12) is actually the effect of cold temperature 
on dampening the diurnal oscillations of these gene subset (Fig. 6; Additional file 1: Fig. S11). We demonstrate 
how plants encode distinct regulatory pathways to control the transcription of genes in response to cooling and 
chilling (0–15 °C) conditions (Fig. 2A-C). Generally, the Arabidopsis transcriptome responds relatively quickly 
to temperature changes (within hours to a day) (Fig. 2D), allowing plants to adjust their metabolism to changes in 
the environment and consequently to survive winter. Progressively decreasing cold temperatures induces dynamic 
changes in gene expression that we classified into two distinct genetic programs that we defined as CHILLING 
and COOLING programs, i.e. genes responding at temperatures below 10 °C or at moderate cold (10–15 °C), 
respectively (Fig. 2). A key finding of this analysis is that plants exhibit a remarkable capacity to buffer tempera-
ture fluctuations over daily and weekly timescales.

One interesting question is what are the distinct functionalities of the COOLING vs CHILLING programs that 
are sequentially activated during autumn–winter progression. Multiple genes falling in the CHILLING category 
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Fig. 7   Promoter accessibility of cold down-regulated genes is retained during the cold season, enabling fast reactivation 
in the spring A Boxplots of promoter accessibility Z-scores of genes with detected ATAC-seq peaks among the top 500 
up- (n = 196) and down-regulated (n = 209) genes at in the FLU samples compared to  22 C at week 4 of the RNA-seq data. 
Z-score of 0 is indicated by a red line for reference. B Temperature profiles used for the experiment presented in Fig. 7C. 
Plants were grown at 22 °C under SD conditions for 2 weeks before being exposed to temperature blocks that changed per 
week (WEEK; green). Plants were finally moved back to 22 °C for 1D. C Relative expression of selected photosynthesis-
related genes exposed to the temperature regime indicated in Fig. 7B. Gene expression was assessed by RT-qPCR using 
whole seedlings relative to the reference gene PP2A. Error bars indicate SEM. Three biological replicates were performed, 
and each sample contained more than 50 seedlings. Letters indicate statically significant differences (p < 0.05) as deter-
mined by a one-way ANOVA followed by a Tukey- HSD post hoc test. D Schematic model representing the observed pro-
moter accessibility dynamics of photosynthesis-related genes over seasonal progression. In warm conditions, active gene 
expression is associated with fully accessible promoters. Despite the significant down-regulation of these genes during 
cold, their promoters retain full accessibility, likely to allow binding of specific transcriptional repressors (R), which main-
tain these genes transcriptionally inactive. On return to warm conditions in spring, gene expression is rapidly reactivated 
to resume active photosynthetic activity. Genes are represented by grey pentagons. Blue boxes depict promoters. Yellow 
shapes represent chromatin accessible regions. Arrows depict transcription initiation sites
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have been characterized in Arabidopsis cold responses, conferring either plant cold and freezing tolerance (e.g. 
RD29A/COR78/LTI78, RD29B/LTI65, KIN1, COR15A, AZI1, EARLI1, COR27, RVE2, COR47) or enabling the 
floral transition through vernalization (e.g. VIN3). In addition to these relatively well-characterized genes, GO 
analysis suggests that an important proportion of the chilling-induced transcriptome is enriched by terms related 
to cellular organization as well as RNA processing and modification (Additional file 3: Table S3). Thus, under 
temperatures below 10 °C plants devote their energy in increasing their capacity to overcome harsh winter condi-
tions. In contrast, the COOLING category is enriched by terms related to cold temperature stimulus and response 
to sugar (Additional file 1: Table S3). Notably, several COOLING genes show chloroplast localization, suggesting 
plants adjust their photosynthetic activity at the initiation of the cold season. In line with this, the COOLING gene 
RBD1 (AT1G70200, Additional file 3: Table S2), which encodes an RNA binding protein that localizes to the 
chloroplast, is required for chloroplast function under low temperature conditions [48]. RBD1 loss-of-function 
mutants are defective in the generation of mature 23S RNA, presenting a deficiency in chloroplast protein synthe-
sis especially under cold. It remains to be determined whether other chloroplast-localized genes such as EMB2746 
(Fig. 2A) and HCAR​ (Additional file 1: Fig. S4) also play a role in the preservation of chloroplast function in 
response to cold. Under our experimental setting, the mutant of the COOLING gene HCAR​ behaved like WT both 
regarding cold and freezing tolerance (Additional file 1: Figs. S12 and S13). Although more detailed analysis 
will be required to fully address the distinctive functions of COOLING and CHILLING genes, our data clarifies 
the stepwise changes in transcriptome dynamics as the cold season progresses.

We found that temperature is the primary driver of transcriptional responses during the autumn–winter transi-
tion (Fig. 3B, C). Only a small portion of genes also require time for activation (Supplementary Fig. S3B). Among 
them, the expression of the vernalization-induced VIN3 progressively increases when the temperature is below 
14 °C and according to the duration of cold exposure (over weeks) via the accumulation of transcription factor 
NTL8/14 to allow flowering under favorable conditions [23, 49]. Nevertheless, despite not being a major driver, 
time is required in the temperature sensing mechanism. It is probably important for spreading the temperature 
signal to the whole plant, since Arabidopsis plants exposed to constant 4 °C during 6 h only activate COOLING 
genes that respond to moderate cold, requiring a longer time to induce the CHILLING program (Fig. 2D).

By profiling genome-wide chromatin accessibility with ATAC-seq, we revealed a complex regulatory network 
of factors driving cold-responsive gene expression (Fig. 5G). A motif enrichment analysis of the sequences of 
promoters with increasing accessibility in cold led to the identification of known cis elements (Fig. 5B), for 
which we predicted TFs able to bind these motifs (Fig. 5C; Additional file 3: Table S9). Among the identified 
TFs, we focused our attention on CCA1 and HY5, which are both associated with cold acclimation and involved 
in the regulation of several clock-regulated genes [32, 33, 50, 51]. CCA1 and its paralogue LHY are also known 
to be involved in the activation of VIN3 transcription under long-term cold response [10]. Cold-mediated VIN3 
induction and flowering acceleration were impaired in the cca1 lhy double mutant, mainly at 12 °C vernalization 
compared to vernalization at 4 °C [10]. CCA1 is in fact quickly induced at 12 °C [52]. In our RNA-seq data, CCA1 
expression increased at cooling temperatures, and is sustained at chilling temperatures (Fig. 3B). Using cca1, we 
observed that CCA1 regulates all tested genes at both 12 °C and 4 °C, regardless of the transcriptional program 
they belong to (Fig. 6E; Additional file 1: Figs. S8 and S10), indicating that CCA1 represents a major regulator 
of COOLING and CHILLING programs allowing plants to readjust their transcriptome during the autumn–winter 
progression. This seasonal CCA1 function seems to be dependent solely on temperature decrease instead of on 
the progressive shortening of daylength as previously proposed [53].

Interestingly, the well described CBF2 and CBF3 genes were transiently activated after 2 weeks of cold 
exposure, at the interface between the COOLING and CHILLING genetic programs. Results from cbf123 triple 
mutant confirmed that they are required for the activation of CHILLING, but not COOLING genes (Fig. 4). 
Accordingly, cbf123 showed significant growth retardation in the cold time-course, further supporting their 
implication in plant cold tolerance. Notably, we did not detect significant activation of CBF1 in the simulated 
autumn–winter progression. This distinct gene expression patterns of CBF1 vs CBF2/3 likely reflects specific 
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regulatory features within the CBF family. Previous studies highlighted both functional and regulatory divergence 
among CBF genes [54], including cross-regulation whereby CBF2 can repress CBF1 and CBF3, as well as partial 
overlap and specialization in their downstream target genes [55]. Consistent with this, CBF2 and CBF3 appear 
to be more important for environmental adaptation, whereas CBF1 may play an essential role in plant survival 
as indicated by the fact that CBF1 rarely harbors frameshift or premature stop codon mutations [56]. While all 
CBFs play a crucial role in cold acclimation and freezing tolerance though the redundantly regulation of COR 
genes expression, the analysis of single cbf mutants revealed that each CBF protein controls overlapping as well 
as distinct sets of genes [6, 21, 24]. Besides, although all CBF genes are subject to circadian regulation, CBF1 
displays a distinct circadian expression profile compared to CBF2 and CBF3, particularly in response to dark to 
light transitions, suggesting an interaction between temperature and diurnal signals [9]. Taken together, these 
regulatory and functional differences may contribute to the distinct induction dynamics observed for CBF genes 
under constantly decreasing temperatures.

Progressive cold induces changes in promoter accessibility, which are mainly associated with an increas-
ing promoter accessibility of up-regulated genes (Figs. 6A and 7A), as previously reported at constant 4 °C in 
potato tubers [12]. Surprisingly, we also discovered that down-regulated genes generally do not lose chromatin 
accessibility (Fig. 7A), probably allowing the binding of repressive TFs. In clear contrast to the developmental 
regulator FLC, whose chromatin switches to a repressive state by the action of PRC2 during winter, the promoters 
of photosynthesis-related genes remain accessible during the cold season despite the strong downregulation of 
these transcripts, likely to ensure rapid reactivation of photosynthetic activity upon return to warmer tempera-
tures (Fig. 7D). These observations demonstrate the use of different mechanisms for developmental vs metabolic 
adjustments across seasons. In line with this, genome-wide distribution of H3K27me3 is not dramatically affected 
by short- or long-term cold treatment (4 °C) [57]. The few genes gaining H3K27me3 upon cold exposure are 
mostly enriched for development related terms. Therefore, plants may anticipate a return to warmer temperatures 
by never fully engaging in long term transcriptional repression of metabolic genes during winter. It remains to be 
studied what specific mechanisms prevent the loss of promoter accessibility of this large group of genes during 
the cold season.

Beyond chromatin-level regulation, post-transcriptional mechanisms play central roles in plant responses to 
temperature. These include mRNA stability and RNA decay pathways [58], temperature-dependent alternative 
splicing [59], as well as RNA modifications such as N 6-methyladenosine (m6A) methylation that is known to 
regulate gene translation efficiency under chilling condition [60]. In addition, small RNAs such as microRNAs 
are key regulators of stress responses by modulating transcript abundance and translation [61]. More recently, 
long non-coding RNAs (lncRNAs) have emerged as important regulators integrating transcriptional and post-
transcriptional control under environmental stress conditions [62]. Collectively, these mechanisms may act in 
concert with chromatin accessibility to fine-tune transcriptional dynamics and contribute to the rapid recovery 
of gene regulatory networks upon warming.

Conclusions

Our characterization of the regulatory mechanisms underlying A. thaliana responses to gradually decreasing 
temperatures identified two sequentially activated genetic programs, one responding to moderate cold (COOL-
ING genes) and the other to temperatures below 10 °C (CHILLING genes). While the CHILLING program is 
partially dependent on CBF function, a proficient circadian clock is essential for plant low temperature responses. 
Genome-wide chromatin accessibility analyses showed that induction of cold-responsive genes is accompanied by 
increased promoter accessibility, whereas down-regulated genes, including those related to photosynthesis, retain 
open chromatin. This pattern likely facilitates their rapid transcriptional reactivation upon warming. Overall, our 
findings uncover the intricate transcriptomic and chromatin accessibility changes associated with Arabidopsis 
adaptation to cooling and chilling conditions.
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Methods

Plant materials

The Arabidopsis accession Columbia-0 (Col-0) was used as the wild-type control in all experiments. The null 
mutant cca1-1 [63] and the hy5-3 (SALK_096651C) [42] insertion mutant line were kindly provided by Dr. 
Paloma Mas and Dr. Elena Monte, respectively. The cbf123 triple mutant was described in [21]. The hcar mutant 
alleles (hcar-1, SALK_018790C, N6558117; hcar-2, WiscDsLoxHs087_04A, N908281) were a gift from Ito 
Hisashi [64], and the azi1-1 mutant was kindly provided by Nicolás Cecchini [45]. All gene identifiers are listed 
in Additional file 2: Table S4.

Growth conditions and sampling in fluctuating and average decreasing temperature profiles

Plants were grown over a 6-week regime of decreasing or steady temperatures. The temperature profile of the 
climate chambers (ARALAB 1200) was designed according to Hepworth and colleagues [11] and experiments 
were performed in short day conditions to minimize variations due to photoperiod. Briefly, Col-0 seeds were sown 
in soil, stratified for 72 h at 4 °C, incubated at 22 °C for 14 d to allow germination and seedling establishment 
(8 h/16 h, light/dark photoperiod; approximately 100 μmol m−2 s−1; RH 60%) and finally moved to three differ-
ent plant growth cabinets: (1) at constant 22 °C (22C); (2) with decreasing, fluctuating temperatures (FLU); (3) 
with decreasing daily average temperature (AVG) (Supplementary Table S1). The FLU temperature regime was 
designed according to natural days in autumn measured in Eden, Sweden (sowing date in autumn 2009; https://​
www.​smhi.​se/​data/​meteo​rologi/​ladda-​ner-​meteo​rolog​iska-​obser​vatio​ner/#​param=​airte​mpera​tureI​nstan​t,stati​ons=​
all,stati​onid=​128390). The means of FLU temperatures were determined daily to generate the AVG temperature. 
FLU, AVG and  22 C plants were grown as indicated above, except a different light intensity (~ 100 μmol m−2 s−1). 
Aerial parts of seedlings/plants (leaves and shoot apical meristem) were collected at different timepoints (ZT4): 
firstly, 14 d at 22 °C (pre-growth at 22 °C,  0 W); and subsequently, 21 d (1W), 28 d (2W), 35 d (3W) and 42 d 
(4W) after germination at AVG, FLU and 22 °C, respectively. These samples were used for both RNA sequencing 
(RNA-seq) and the Assay for Transposase Accessible Chromatin with high-throughput sequencing (ATAC-seq) 
to monitor the transcriptome and chromatin accessibility, respectively.

Growth conditions in a weekly decreasing temperature profile

Surface-sterilized seeds were sown on ½ MS medium with 0.8% agar and stratified at 4 °C for 3 days. The plates 
were then transferred to 22 °C in a near-vertical position in a controlled environmental growth chamber under 
a 8 h/16 h, light/dark photoperiod, with ~ 100 μmol m−2 s−1 for 2 weeks. Seedlings were then grown in climate 
chamber (ARALAB 1200) for 1 week at 14 °C, then 1 week at 10 °C, then 1 week at 6 °C and finally 1 week 
at 2 °C under controlled conditions (8 h/16 h, light/dark photoperiod; ~ 100 μmol m−2 s−1; RH 60%). Seedlings 
were collected after 14 d (0W) at 22 °C and then 21 d (1W), 28 d (2W), 35 d (3W) and 42 d (4W) after germina-
tion at 22 °C and in weekly decreasing temperature conditions, respectively to perform RT-qPCR analyses. Six 
independent biological replicates were performed, and around 50 seeds were sown on each plate at the begin-
ning of the experiment. For recovery assays (Fig. 7C), seedlings were finally moved back to the normal growth 
temperature condition of 22 °C for 24 h.

Growth conditions in the 12 °C/4 °C experiment

Surface-sterilized seeds were sown on ½ MS medium with 0.8% agar and grown in the same conditions 
as above. 2-week-old seedlings were then moved for 1 day (Fig. 6E, Supplementary Figs. S8 and S9) or 
1 week (Supplementary Fig. S10) at either to 12 °C or 4 °C under controlled conditions (8 h/16 h, light/dark 
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photoperiod; ~ 100 μmol m−2 s−1). For experiments displayed in Fig. 5B, seedlings were only exposed to a 4 °C 
treatment for 1D.

Growth conditions for the thermal gradient table experiment

Surface-sterilized seeds were sown on ½ MS medium with 0.8% agar and stratified at 4 °C for 3 days. Stratified 
seeds were then moved to 22 °C under short day conditions (8 h/16 h light/dark photoperiod, ~ 100 μmol m−2 s−1) 
for 2 weeks then placed on a thermal gradient temperature table [22]. Subsequently the plants were exposed to 
the given temperatures for 1D: 20.9 °C, 19.4 °C, 17.9 °C, 16.5 °C, 14.7 °C, 13.0 °C, 10.9 °C, 8.9 °C, 7.1 °C or 
5.2 °C, by adjusting the table settings. Three biological replicates were obtained for each specific temperature 
timepoint. Each plate contained more than 50 seeds.

RNA sequencing

Total RNA was extracted from 0.5 g of Arabidopsis leaves and shoots (above ground tissues without roots) with 
the RNeasy plant total RNA kit (Qiagen; Cat#: 74904) with the optional on-column DNase digestion step (Cat# 
79254) according to manufacturer’s instructions and resuspended in 30 µL of nuclease-free water. Isolated DNA-
free RNAs were submitted to Novogene for stranded RNA-seq library preparation and paired-end sequencing 
(2 × 150 bp reads). RNA sequencing was performed in triplicates.

RT‑qPCR

Total RNA was isolated using TRIZOL (Invitrogen) from around 100–150 mg Arabidopsis tissue powder accord-
ing to the manufacturer’s instructions and resuspended in 25 µL of nuclease-free water. 2 µg of total RNA in 
7.8 µL nuclease-free water were then treated with a 2.2 µL DNAse I mixture (1 µL of 10X DNAse I buffer with 
MgCl2 (ThermoFisher Scientific), 1 µL of 1U/µL DNAse I (ThermoFisher Scientific) and 0.2 µL of RiboLock 
RNase Inhibitor (ThermoFisher Scientific; Cat#:EO0381)) for 30 min at 37 °C. To stop the enzymatic reaction, 
1 µL of 50 mM EDTA was added and incubated at 65 °C for 10 min. Reverse transcription was performed with 
the addition of 9 µL Maxima Reverse transcriptase mastermix (1 µL of 100 µM oligo(dT)18, 1 µL of 10 mM 
dNTPs, 2.65 µL nuclease-free water, 4 µL of 5X RT buffer, 0.1 µL Ribolock, 0.25 µL maxima RT) and incubat-
ing for 30 min at 50 °C, before increasing the temperature at 85 °C for 5 min to stop the reaction. The cDNA was 
diluted by adding 180 µL of nuclease-free water to the RT reaction before use. RT-qPCR was performed in 10 μl 
reaction volume, by mixing 3 µL of cDNA with 5 µL of 2X SYBR Green mastermix (ThermoFisher Scientific), 
0.5 µL of forward and reverse primers (10 µM), and 1.5 μL of nuclease-free water. RT-qPCR analysis was done 
on a LightCycler480 II (Roche) and data were normalized to PP2A (AT1G13320) [11]. Relative expression levels 
were determined using the ΔΔCt method. All primers are listed in Additional file 2: Table S5.

Extraction of plant cell nuclei

Crude nuclei were extracted from Arabidopsis seedlings as previously described [65] with minor modifications. 
Briefly, approximately 0.4 g of frozen aerial parts of Arabidopsis plants were chopped with a double-sided blade 
in 4 ml of pre-chilled lysis buffer (15 mM Tris–HCl pH7.5, 20 mM NaCl, 80 mM KCl, 5 mM 2-mercaptoetha-
nol, 0.5 mM spermine, 0.2% Triton X-100, 1X cOmplete Mini EDTA-free protease inhibitor cocktail (Roche; 
Cat#:11,836,170,001). After being passed twice through Miracloth into a 15 mL Falcon tube, the homogenate 
was then loaded on the surface of 4 mL sucrose buffer (20 mM Tris–HCl pH8, 2 mM MgCl2, 2 mM EDTA, 
15 mM 2-mercaptoethanol, 1.8 M sucrose, 0.2% Triton X-100) into another 15 mL Falcon tube. The tube was 
centrifuged at 2200 g for 20 min at 4 °C. The supernatant was discarded and the pellet gently resuspended in 
500 µl ice-cold lysis buffer.
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Fluorescence‑Activated Nuclei Sorting and ATAC‑seq sequencing library preparation

The nuclei were stained with 1 µg/mL of 4,6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich; Cat#D9542) and 
the solution was filtered through a 35 μm cell strainer caps into a 5 mL round-bottom polystyrene tube (Falcon; 
Cat#352235), before being loaded into a flow cytometer (BD FACSAriaSORP, IDIBAPS Flow Cytometry Facil-
ity, https://​www.​clini​cbarc​elona.​org/​en/​idiba​ps/​core-​facil​ities/​cytom​etry-​and-​cell-​sorti​ng-​facil​ity). 50,000 nuclei 
were sorted, collected in a 2 mL Eppendorf tube with 500 µl of lysis buffer and finally centrifuged at 1,000 g at 
4 °C for 10 min. The pellet was then washed with Tris-Mg buffer (10 mM Tris–HCl pH8, 5 mM MgCl2). The 
supernatant was carefully removed and the nuclei pellet was resuspended in 50 µL tagmentation mastermix (5 
µL 10X TMg Buffer (100 mM Tris–HCl pH 7.5, 50 mM MgCl2), 5 µL DMF, 13.5 µL PBS pH 7.4, 0.5 µL 10% 
Tween-20, 0.5 µL 1% Digitonin, 3.5 µL 1 mM PitStop, 20 µL nuclease-free water, 2.5 µL recombinant Tn5 loaded 
tagmentase (purchased at the Dorothy Hodgkin Proteomics and Biochemistry Service, Universidad Pablo Olivade, 
Seville, Spain) and incubated at 37 °C for 35 min, on a thermomixer at 1000 rpm. After the tagmentation reaction, 
DNA was purified using Diagenode’s MicroChIP DiaPure columns (Diagenode; Cat#C03040001) according to 
the manufacturer’s instructions. ATAC-seq libraries were performed using the 24 UDI for tagmented libraries 
set I kit from Diagenode (Cat#01011034). Libraries were amplified using 2× NEBNext High fidelity PCR mix 
(New England Biolabs; Cat.#M0541L). The number of PCR cycles was determined as described previously [66]. 
ATAC-seq libraries were then purified with AMPure XP beads (Beckman Coulter; Cat#A63880) and their quality 
were assessed using a Bioanalyzer High Sensitivity DNA chip (Agilent). Libraries were finally sequenced on an 
Illumina NovaSeq with paired-end (2 × 150 bp) reads.

RNA‑seq processing

Raws paired-end reads were trimmed with cutadapt -a AGA​TCG​GAA​GAG​CAC​ACG​TCT​GAA​CTC​CAG​TCA -A 
AGA​TCG​GAA​GAG​CGT​CGT​GTA​GGG​AAA​GAG​TGT -m 15 (Martin 2011) and mapped onto the TAIR10 genome 
assembly [68] using STAR --outSAMstrandField intronMotif --outMultimapperOrder Random --outSAMmultNmax 
1 --outSAMtype BAM SortedByCoordinate --outFilterMultimapNmax 10,000 [69]. Gene counts were obtained 
using stringtie [70] and the Araport11 annotations [71]. The counts table was imported into R and normalized 
using the RUVs function from the RUVSeq package with k = 2 [72]. The normalized counts were then processed 
with the edgeR package [73], using the calcNormFactors and estimateDisp functions, and exported to RPKM 
quantification using the rpkm function. For differential expression analyses, the processed counts from edgeR 
were fitted using the glmQLFit function and using a design matrix considering the sample condition and week 
number, then comparisons between groups performed using the glmQLFTest and topTags functions.

Modelling the importance of time and temperature in gene expression

Percent variance explained analyses were performed using the variancePartition R package [74]. The temperature 
at sampling, minimum and maximum temperatures of the sampling day, and week number were used as vari-
ables to calculate percent variance using the fitExtractVarPartModel function with the following formula: ~ sam-
pling_temperature + maximum_daily_temperature + minimum_daily_temperature + week. To ensure the resulting 
parameter estimates were not influenced by the order of variables in the model we tested different version with 
shuffled placement of each variable in the formula. As suggested in the varianceParition manual we also used 
the colinearityScore function to test whether the variables were too highly correlated and thus could result in 
degenerate parameter estimates. No variables had correlations greater than the suggested cutoff of 0.99 from the 
varianceParition manual. The final results were plotted using the plotVarPart function.
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Gene expression clustering analyses

Normalized and log2-transformed expression data was initially clustered with the WGCNA package [75], using 
the blockwiseModules function with parameters: power = 3, TOMType = "signed", minModuleSize = 30, network-
Type = "signed", mergeCutHeight = 0.1, deepSplit = 4. Clusters showed three broad patterns for both up- and 
down-regulated genes which eventually served as the classification system for the cold-responsive genes in our 
experiment: cooling-responsive or COOLING (with a shift in expression at weeks 1 and 2), chilling-responsive 
or CHILLING (with a shift in expression at weeks 3 and 4), and dynamic or DYN (gradually shifting over the 
whole experiments). Additionally, a small number of genes with transient expression patterns clustered together. 
To classify all genes into these patterns, we calculated the squared Pearson correlation coefficient (r) between all 
per condition gene expression profiles and the average expression patterns of the previously described clusters. 
Genes were classified with a matching pattern when the r2 was greater than 0.8, or in cases of multiple matching 
patterns, the pattern with the highest r2. The sign of the correlation coefficient was used to annotate increasing or 
decreasing expression. Genes without a matching pattern were annotated as stable. To identify cold-responsive 
genes, we used genes annotated as stable in the constant 22 ˚C condition and one of the increasing or decreas-
ing patterns in the average or fluctuating cold conditions. The Z-score transformed expression of these resulting 
cold-responsive genes were plotted as a heatmap using the ComplexHeatmap package [76]. Gene ontology (GO) 
enrichment was performed using the gprofiler2 package [77] and plotted as semantic enrichment GO clouds with 
the simplifyEnrichment package [78].

ATAC‑seq processing

Raw paired-end reads were trimmed using fastp -a CTG​TCT​CTT​ATA​CAC​ATC​T [79] and mapped onto the TAIR10 
genome assembly with bowtie2 --very-sensitive -X 2000 –dovetail [80]. Read mate correction was applied with 
samtools fixmate, then reads coordinate sorted with samtools sort, duplicates removed using samtools markdup 
-r, and finally reads filtered and non-nuclear reads removed using samtools view -F 3852 -q 10 [81]. Reads over-
lapping a blacklist [82] were removed using bedtools intersect -v [83]. Next, the reads were sorted by name using 
samtools sort -n and converted to BEDPE format using bedtools bamtobed -bedpe. Reads outside nucleosome-
free regions (fragment size greater than 120 bp) were removed and the remaining reads converted to BED format 
using awk, then sorted using bedtools sort. BigWig files were generated by resizing the reads 100 bp from the 
5’ ends using awk and bedtools slop -l 50 -r 49, then first converting to bedGraph format with bedtools genom-
ecov -bg before finally converting to BigWig with the UCSC tool bedGraphToBigWig. Peaks were called for all 
sample BED files using macs3 callpeak --nomodel --shift −100 --extsize 200 -p 0.05 -f BED --keep-dup all -g 
1.191e8 [84]. The peaks were filtered to only keep those with a q value less than 0.001 and present within at least 
3 samples using awk and bedtools merge -d 100 -c 4. Read counts were obtained from the final merged peak set 
using bedtools coverage -counts and imported into R. Batch correction of the reads counts was performed by first 
obtaining the residuals with the residuals function (with type = “deviance”) from edgeR using counts fitted to a 
model considering the sample condition using the glmFit function from edgeR, then using them with the RUVr 
function from RUVSeq (with k = 2). The corrected read counts were then processed using edgeR with the calc-
NormFactors and estimateDisp functions, then fitted to a model considering the sample groups using glmQLFit 
and differential abundance calculated with glmQLFTest. Normalized RPKM quantification tables were generated 
using the rpkm function from edgeR and exported from R.

ACR clustering, motif enrichment and transcription factor network analyses

The top 10% ACRs with the highest absolute difference in accessibility across the whole time-series were log2 
and Z-score transformed then clustered and plotted using the ComplexHeatmap package with the Heatmap 
function and parameter row_km = 3. The streme program [85] was used to perform de novo motif identification 
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in each ACR cluster after resizing the peaks to 500 bp and a random set of 3000 ACRs regions as background. 
These motifs were then enriched using the sea [34] and centrimo programs [86]. Motifs with a -log10 Q-value 
of at least 10 in one cluster from either sea or centrimo were kept and plotted using the Heatmap function from 
the ComplexHeatmap package and the view_motifs function from the universalmotif package [87]. To generate 
transcription factor (TF)-gene networks, TF-motif assignments were made using the tomtom program [88] and 
keeping matches with a Q-values less than 0.05. Target genes were then identified by scanning the clustered ACRs 
using the scan_sequences function with parameter RC = TRUE from the universalmotif package. The resulting 
TF-gene lists were then filtered, keeping those with a Pearson correlation coefficient greater than 0.5 between 
their normalized log2-transformed RNA-seq expression values. The igraph package [89] was used to create and 
plot TF-gene networks, using log10-transformed connectivity scores to control node size. ACRs which overlapped 
the promoters of genes (−400 and + 100 upstream & downstream of the TSS) were considered promoter ACRs.

24‑h time course

For the 24-h time-course, Col-0 seedlings (leaves and apices) were collected every 4 h over a 24-h period at the 
beginning of week 3 (3W) under AVG, FLU, and 22 °C. Sampling was initiated at lights-on (Zeitgeber time 0). 
RNA was isolated using TRIZOL (Invitrogen) reagent. Following cDNA preparation, transcript accumulation was 
measured by RT-qPCR. PP2A was used as a normalization control. Primers are listed in Supplementary Table S4.

Growth rate analysis and freezing tolerance

At the end of the  4 W treatment under AVG, FLU and  22 C, three plants were pooled as one biological replicate, 
and six biological replicates were collected for each plant genotype and condition to determine fresh weight. The 
samples were subsequently dried at 80 °C for 3 days before dry weight measurement. The remaining plants were 
used for freezing tolerance assays.

To assess freezing tolerance, the temperature was first decreased to 0 °C and maintained for 1 h, followed by a 
decrease to − 4 °C and maintained for 2 h. The temperature was then further decreased to − 8 °C and maintained 
for 3 h. After freezing treatment, plants were recovered overnight at 4 °C and subsequently transferred to 22 °C 
under long-day conditions for 1 week. Flowering time was assessed by recording the number of rosette leaves 
and the number of days to flowering at the time of bolting after the freezing experiment.

Statistical analyses

Statistical testing was performed using the base R stats package and rstatix package. Statistical significance 
was determined using one-way ANOVAs with Tukey HSD post-hoc tests and P-value cutoff of 0.05 (Figs. 2B, 
C, 5B, 6E, 7C; Additional file 1: Figs. S4, S6A-C, S8, S9, S10), repeated Mann–Whitney tests with Bonferroni 
correction for multiple testing (Additional file 1: Fig. S1C) or Student´s T-test P-value cutoff of 0.05 (Additional 
file 1: Fig. S12).

Supplementary Information  The online version contains supplementary material available at https://​doi.​org/​10.​1186/​
s13059-​026-​04289-3.
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