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a b s t r a c t
Plants from temperate regions are able to withstand freezing temperatures and to increase their freezing
tolerance during exposure to low, but non-freezing, temperatures through a process known as cold acclimation. Key regulatory proteins in this process are the cold-induced CBF1, 2 and 3 transcription factors
which control many cold regulated genes. Although much work has focused on this signal transduction
pathway, the details of its regulation and of its quantitative contribution to cold acclimation are still
unclear. Here, we have used the large natural variation present in the 48 accessions of the Versailles core
collection of Arabidopsis thaliana to further elucidate the function of the CBF transcription factors. CBF
gene expression studies showed that the freezing sensitive accessions had mostly low expression levels
2 h after transfer of plants to 5 ◦ C, while the most tolerant accessions showed a wide range of CBF expression levels. To investigate the quantitative contribution of CBF expression to plant freezing tolerance and
low temperature growth performance, RNAi lines targeting all three CBF genes were produced in eight
different accessions. We observed striking differences between different accessions in the effects that
reduced CBF expression had on freezing tolerance, while effects on growth were generally too small to
draw ﬁrm conclusions. Analysis of CBF expression indicated a tight co-regulation between CBF1 and CBF3,
while the relationship between the expression levels of CBF2 and CBF1 or CBF3 strongly depended on the
genetic background of the RNAi lines. In agreement with the observed differences between the different
accessions, QTL analyses with two different RIL populations indicated that QTL localisation varies strongly
between populations. Collectively, these results show that both the regulation of the CBF genes and their
relative contribution to freezing tolerance strongly depend on the accession studied. In addition, natural
variation is suggested to be an interesting source of novel regulatory pathways and genes that may be
useful in the future for improving plant freezing tolerance.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Low temperature is among the most important abiotic environmental factors affecting the geographical distribution of plant
species, as well as growth and yield of crop plants. Therefore, understanding the networks and the molecular mechanisms
underlying the cold responses of plants is of major importance
to understand the ecology and physiology of wild species and
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to increase the yield potential of species of agronomic interest.
The ability of plants to survive freezing temperatures depends
to a large extent on their capacity to cold acclimate, i.e. to increase
their freezing tolerance during exposure to low, but non-freezing,
temperatures [1]. For example, the acclimation process allows winter wheat to survive temperatures down to −20 ◦ C while it is
killed at around −5 ◦ C in the nonacclimated state [8]. During this
cold acclimation period, extensive modiﬁcations take place in the
plant, such as changes in the lipid composition of membranes and
increases of soluble proteins, sugars and proline, molecules that
may serve as cryoprotectants (see [2] for review). These physiological changes are due, at least in part, to large-scale modiﬁcations of
gene expression [3–7].
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Recently many studies have been undertaken on model plants
such as Arabidopsis thaliana. In this species, mechanisms underlying cold acclimation have been extensively studied and excellent
reviews on this subject are available [9–11]. Most of these
studies involved the characterisation of mutants selected by forward and reverse genetic screens in a few accessions such as
Columbia-0 (Col-0) or Wassilewskija (WS). Although these strategies have been highly successful, the study of natural genetic
variation has been shown in the past two decades to be an
interesting alternative means to elucidate the functional role of
candidate genes [12,13] and to identify novel genes involved
in complex traits via quantitative trait locus (QTL) mapping
[14–17].
The CBF pathway is one of the major signalling pathways
involved in plant cold acclimation. In this pathway, the CBF/DREB1
(CRT-binding factor/DRE-binding factor 1) genes act as main molecular switches. Numerous studies deal with CBF1, 2 and 3 in
Arabidopsis and homologues have been identiﬁed in many other
species such as barley [18–20], wheat [21] and eucalyptus [22],
showing that this pathway is widely distributed in higher plants.
In most species, at least some of the CBF genes are rapidly induced
in response to low temperatures [1,5,23,24]. They encode proteins
that are transcriptional activators containing the AP2/ERF DNAbinding domain, which is able to recognize the CRT/DRE element
present in the promoters of a large number of cold regulated genes.
Transcriptomic analysis in A. thaliana has shown that 12–20% of
all cold-induced transcriptional changes are regulated by CBF1-3
[25]. Collectively, these genes have been termed the “CBF regulon”.
Moreover, over expression of individual CBF genes in transgenic
Arabidopsis plants results in constitutive expression of target genes
and increased freezing tolerance without an acclimation period
[26]. In addition to these data, major QTL for freezing tolerance
have been identiﬁed in both Arabidopsis [27] and wheat [21] that
localise to the region of the CBF genes. These data all suggest
that the CBF genes play a critical role in the increased freezing
tolerance observed during cold acclimation. It is, however, still
unclear whether the different members of the CBF gene family
have redundant roles. In Arabidopsis, there is evidence that CBF2
is a negative regulator of CBF1 and CBF3 expression, through the
study of the only known CBF mutant and of CBF anti-sense and
RNAi lines [28,29]. However, the lack of additional mutants has
precluded the analysis of loss-of-function phenotypes for CBF1 and
CBF3.
The natural genetic variation present in plant species is a powerful tool to elucidate the functional role of candidate genes in
complex traits [30,31]. With respect to freezing tolerance, the core
collection of 48 A. thaliana accessions generated in Versailles [32]
has been characterised previously by evaluating damage to whole
plants after freezing and by sequencing the CBF1-3 genes [33]. In
addition, a subset of accessions has also been analyzed for the
cold-induced expression of CBF1-3 and some of their COR target
genes, and for freezing tolerance using electrolyte leakage assays
[33]. Other studies have established a linear correlation between
acclimated freezing tolerance of Arabidopsis accessions and minimum habitat temperature [34,35] indicating strong evolutionary
pressure on this trait.
In the present study, we have measured CBF gene expression
in all 48 accessions of the Versailles core collection to determine
whether there is a general correlation between the degree of cold
induction of these genes and freezing tolerance. To gain insights
into the importance of the CBF pathway in the freezing tolerance
and growth performance of natural accessions, we examined the
effect of RNAi-induced silencing of the CBF genes on these traits. In
parallel, we performed QTL mapping for freezing tolerance after
acclimation in two RIL populations generated in the Biological
Resource Center in Versailles. The data conﬁrm the large varia-

tion in CBF gene expression in natural populations and indicate
that the importance of the CBF signal transduction pathway varies
among accessions. Similarly, QTL mapping led to different positions in the two populations tested, suggesting the presence of
additional pathways important for freezing tolerance in Arabidopsis.
2. Materials and methods
2.1. Plant material and experimental conditions
All accessions are from the Versailles nested core collection
[32]. Passport data for these accessions are available at [36]. For
the analysis of CBF expression in the accessions after a short (2 h)
cold treatment, plants were grown as described in McKhann et al.
[33]. Brieﬂy, the plants were grown in a greenhouse and watered
to keep the substrate humid and shortly before they were transferred to 5 ◦ C for cold acclimation. During cold acclimation, relative
air humidity was about 50% and plants were not watered during acclimation or freezing. For the test of freezing tolerance of
cold acclimated whole plants, conditions were as described by
Bouchabke-Coussa et al. [37] except that only a freezing temperature of −5 ◦ C was used. After freezing, the plants were transferred
back into the greenhouse and watered the day after thawing.
For the growth experiments, seeds were germinated on soil
and grown for 5 weeks at 4 ◦ C with a 16 h day length at
90–100 mol photons m−2 s−1 . Plants were then transferred to
short day conditions (8 h light at 180 mol photons m−2 s−1 at a
temperature of 20 ◦ C during the day and 16 ◦ C during the night)
for an additional two weeks. These plants were then divided into
three groups of 8–10 plants each that were transferred into small
growth chambers where they were exposed to 16 h day length
at 150 mol photons m−2 s−1 at a temperature regime of either
20 ◦ C/18 ◦ C, 15 ◦ C/13 ◦ C, or 10 ◦ C/8 ◦ C (day/night). Plants were randomized within each chamber to avoid positioning effects. Growth
was quantiﬁed by counting the rosette leaves and measuring the
rosette diameter at regular intervals. Experiments were terminated
and rosettes from 4 to 5 plants were harvested by plunging into liquid nitrogen when the inﬂorescences of at least 50% of the plants
of an accession and its respective RNAi lines had reached 4–6 cm in
length.
For QTL detection, subsets of 164 Can-0 × Col-0 and Bur0 × Col-0 RILs optimized for QTL mapping (http://dbsgap.
versailles.inra.fr/vnat/) were grown in the greenhouse and
phenotyped according to McKhann et al. [33] to map QTLs affecting freezing tolerance. RILs still segregating for a limited region
around a QTL position were used to generate HIFs [38], which
enabled the comparison of lines containing one of the parental
alleles at the locus of interest in an otherwise identical background.
2.2. Generation of transgenic plants
For the RNAi gene construct targeting CBF1, 2 and 3, a 200 bp
partial coding region of A. thaliana CBF2 (At4g25470) was cloned in
pHannibal [39]. The primers used were CBF2r 448U24 (xxxxxxGACATGGAGGAGACCTT) and CBF2r 614L24 (xxxxxxGTCATCATCTCCCTCGA) with the appropriate restriction sites (xxxxxx). The
recombined pHannibal (pCG102) was digested with Not1 and
cloned into the binary vector pEC2 [40] leading to the plasmid
pCG1001. This plasmid was introduced into target plants using
Agrobacterium-mediated transformation by ﬂoral dipping [41]. T1
plants were screened for transformants on Basta in the greenhouse.
T2 seeds were collected and screened in vitro for 3:1 segregation to
select lines with a single insertion, then T3 homozygous lines were
derived from this material.
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Fig. 1. CBF gene expression in 44 accessions from the Versailles core collection. In addition, WS and Col-0 were investigated as reference accessions. Expression levels were
measured after 2 h at 5 ◦ C in two biological replicates. Accessions are ordered as a function of CBF1 expression level. Expression levels under control conditions are not
presented because they were very low and not signiﬁcantly different between accessions. A set of eight accessions with contrasting freezing tolerance that we characterised
previously [33] is indicated by asterisks (*for sensitive and **for tolerant accessions).

2.3. RNA extraction, cDNA preparation and quantitative RT-PCR
For the analysis of CBF expression in the accessions after a short
(2 h) cold treatment, RNA extraction, cDNA preparation and quantitative RT-PCR were performed according to protocol 1 in McKhann
et al. [33]. For the analysis of CBF expression at the end of the
growth experiments, the protocol of McKhann et al. [33] was used
with some modiﬁcations. RNA was isolated from pools of 4 to 5
rosettes. cDNA was synthesized using Superscript III (Invitrogen)
following the manufacturer’s instructions and expression of the
CBF genes was normalized to the mean of the expression levels
of the housekeeping genes ubiquitin 10 (At4g05320) and actin 2
(At3g18780).

environmental variation. At least 400 plants were tested per
line.
For QTL detection, the experimental design described in McKhann et al. [33] was used. The score for freezing damage is
calculated on a mean of ﬁve replicates.

2.5. Statistical analysis
Differences in rosette diameters between the wild type and RNAi
plants in the different accessions were tested for signiﬁcance using
an unpaired Student’s t-test. Linear correlation analysis was done
by least squares regression and the signiﬁcance of the correlations
was tested using a paired Student’s t-test.

2.4. Freezing tolerance measurements
To measure viability after freezing at −5 ◦ C, plants were transferred back into the greenhouse and survival was scored after 6
days. Four rows of the RNAi lines and two rows of the respective wild type plants from an accession were put in each square
pot to optimize viability comparisons by reducing undesirable

2.6. QTL analysis
QTL analyses were performed using QTL Cartographer [42], with
standard methods for interval mapping as described by Loudet et
al. [43]. Then, HIFs were used to conﬁrm initial QTL positions [38].
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Fig. 2. Expression of CBF genes in RNAi lines in comparison to the wild type control. The expression level of each CBF gene has been measured after 2 h at 5 ◦ C.

3. Results
3.1. Cold-induced CBF expression in natural accessions
In order to survey the overall range of CBF gene expression in
the core collection of 48 accessions, a qRT-PCR study was carried
out on the entire collection. Our previous studies had shown that

maximum induction is achieved after 2 h at 5 ◦ C for nearly all accessions [33]. Plants were thus exposed to 2 h at 5 ◦ C. The experiment
was repeated twice under identical conditions. The results (Fig. 1)
are in accord with those previously observed on eight accessions
(Col-0, Ita-0, Sah-0, Cvi-0, Can-0, Rld-2, Rub-1, WS; indicated by
asterisks in Fig. 1). We note that Cvi-0 had the expected low level
of CBF2 expression (compare [28,23]). The freezing sensitive acces-

Fig. 3. Phenotyping of RNAi lines. Freezing tolerance after acclimation was determined as % survival after six days of recovery at 22 ◦ C. A reduction in CBF expression in the
RNAi lines resulted in reduced freezing tolerance in Bur-0 (left), but not in Shahdara (right). A quantitative analysis for all eight investigated accessions is shown in Table 1.
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Table 1
Viability of the wild type accessions and their respective RNAi lines after freezing.
RNAi line

Accession

% viability of RNAi line

RNAi1
RNAi3
RNAi1
RNAi4
RNAi1
RNAi7
RNAi4
RNAi5
RNAi4
RNAi10
RNAi8
RNAi5
RNAi1
RNAi4
RNAi3
RNAi4

Te-0
Te-0
Tsu-0
Tsu-0
Bur-0
Bur-0
Col-0
Col-0
Rld-2
Rld-2
Rub-1
Rub-1
Shahdara
Shahdara
WS
WS

95
75
87
72
63
84
93
58
86
1
47
97
94
90
81
98

% viability of wild type
100
84
93
89
79
96
76
31
95
80
51
98
96
89
89
99

Signiﬁcance
S**
S**
S**
S***
S**
S***
S***
S***
S**
S***
NS
NS
NS
NS
S*
NS

Plants were acclimated for 7 days at 4 ◦ C and then exposed to −5 ◦ C for 48 h. % viability was scored as described in Section 2. S*: signiﬁcant with 0.05 > p > 0.01; S**: signiﬁcant
with 0.01 > p > 0.001; S***: signiﬁcant with p < 0.001; NS: not signiﬁcant.

sions Sah-0, Can-0 and Ita-0 showed overall low levels of expression
of all three CBF genes. The two accessions we previously showed
having high CBF expression levels, WS and Rub-1 were again at
the high end of the range of expression levels. Also, the freezing
sensitive accessions were mostly grouped together in the distribution, while the most tolerant ones such as Rld2, Rub-1, Kn-0 or
Shahdara showed a wide range of CBF expression levels. Interestingly, the two Japanese accessions Ishikawa and Sakata had almost
undetectable levels of CBF3, while maintaining low levels of CBF1
and CBF2 expression.
Among the accessions used for RNAi gene silencing of the CBF
genes, all showed high levels of CBF expression except Shahdara.
3.2. Suppression of CBF gene expression has a variable impact on
freezing tolerance among accessions
To inactivate the CBF pathway in different genetic backgrounds,
a construct designed based on the CBF2 sequence of Col-0 was
generated and introduced into eight different accessions exhibiting good freezing tolerance after acclimation according to previous
studies [33]. Two independent homozygous lines were selected for
all further experiments. The transgenic plants all showed a phenotype similar to wild type plants at the selectable stage (two fully
expanded leaves).
The CBF2 sequence used in the RNAi construct exhibits 87.4%
identity with CBF1 and 83% with CBF3 in Col-0. It is thus expected
that the expression of the construct could inactivate not only CBF2
but also CBF1 and CBF3. We examined the induction of the three
CBF genes at their cold induction peak after 2 h at 5 ◦ C by qRT-PCR.
This sampling time has been chosen after examining CBF expression
data gathered over 14 days at 4 ◦ C on a set of accessions with contrasting freezing tolerance (Fig. S1). None of the accessions showed
any secondary expression peak during this period of cold acclimation. A signiﬁcant reduction of expression was observed in almost
all cases for CBF2 and in many cases also for CBF1 and CBF3 (Fig. 2).
For CBF2, the expression level was reduced at least by half in most
RNAi lines compared to the wild type: the most signiﬁcant reduction was observed for RNAi3 in Te-0 background and the least
reduction was found in RNAi1 in Shahdara background. The only
exceptions were observed in WS background for RNAi4 where the
expression level of CBF2 was increased by around 50% and in line
RNAi8 in Rub-1 that showed a slight increase. For CBF1, the reduction in expression was generally lower, with the largest reduction
in Tsu-0 background in RNAi1. Some RNAi lines exhibited CBF1
expression levels similar to the corresponding wild type: RNAi1 in
Te-0 background, RNAi4 in Tsu-0, RNAi1 and RNAi7 in Bur-0 back-

ground. As for CBF2, overexpression of CBF1 was observed in the
RNAi4 line in WS background. The expression level of CBF3 was
much more variable: severe reduction, as in RNAi1 (Sha-0), was
rare. In some lines there was no apparent reduction, while there
was a clear increase for example in RNAi1 (Tsu-0) or RNAi3 (WS).
Lastly, the degree of reduction varied among lines and accessions,
but complete inactivation of any of the three CBF genes was never
observed.
The RNAi transgenic lines were then submitted to a freezing
test together with the respective wild type accessions to evaluate
the effect of variation in CBF gene expression on freezing tolerance. Plants were cold acclimated for 7 days at 5 ◦ C, then exposed
to a freezing treatment at −5 ◦ C and viability was determined after
6 days of recovery in the greenhouse. To avoid positional effects,
the wild type and the corresponding RNAi lines were sown in the
same pots (Fig. 3) and each unit was replicated ﬁve times. The effect
of CBF depletion varied signiﬁcantly among accessions (Fig. 3 and
Table 1). RNAi lines derived from Rub-1 and Shahdara showed no
difference in freezing tolerance compared to the wild type plants,
in spite of a clear reduction in CBF expression. The two lines derived
from WS exhibited contrasting behavior, with a reduction in freezing tolerance in RNAi3, but no effect in RNAi4. It is important to
point out that the CBF gene expression proﬁles also differed strongly
between these lines. Particularly, in the unaffected line CBF1, 2 and
3 were overexpressed compared to the wild type WS background.
RNAi lines derived from Te-0, Tsu-0, Bur-0 showed a signiﬁcant
reduction in freezing tolerance. In contrast, both lines derived from
Col-0 seemed more tolerant than the wild type. Finally, the two
lines derived from Rld2 were less tolerant than the wild type but
the degree of reduction was different. While line RNAi10 showed
almost 0% viability after freezing, line RNAi4 behaved similar to the
lines derived from Te-0, Tsu-0 or Bur-0. Sister lines from RNAi10
also showed a very low level of survival after freezing (data not
shown), indicating that this low level of freezing tolerance could
be an additive effect of both a reduction in CBF expression and
insertion position effects.
3.3. Growth and CBF gene expression are differentially affected by
temperature in different accessions
The constitutive overexpression of CBF genes in Arabidopsis can
lead to severe growth retardation [1] and a reduction in seed yield
[2]. We were therefore interested to see whether a down-regulation
of CBF expression may have the opposite effect, i.e. an increase
in growth, especially under mild cold conditions. We performed
growth experiments under three different temperature regimes
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Fig. 4. Growth kinetics of the accession Bur-0 wild type (WT) plants and of two
CBF RNAi lines (RNAi7 and RNAi10) at three different growth temperature regimes
(20 ◦ C/18 ◦ C; 15 ◦ C/13 ◦ C; 10 ◦ C/8 ◦ C day/night). Plants were transferred to the different growth conditions 49 days after sowing (day 0). Growth was quantiﬁed as
the number of rosette leaves (A) and as rosette diameter (B). Error bars denote the
means ± SE for 8–10 plants. Experiments were terminated and plants harvested for
analysis of CBF gene expression when the inﬂorescences had reached 4–6 cm in 50%
of the plants.

(20 ◦ C/18 ◦ C; 15 ◦ C/13 ◦ C; 10 ◦ C/8 ◦ C day/night) under long day (16 h
light) conditions, where growth was measured as either the number of rosette leaves or as rosette diameter until the plants entered
the reproductive state. Fig. 4 shows a typical set of growth curves,
obtained from the accession Bur-0. It can be seen that a shift of
growth temperature from 20 ◦ C/18 ◦ C to 15 ◦ C/13 ◦ C only had a
minor inﬂuence on the growth kinetics, but delayed inﬂorescence
development by about one week. A further reduction of growth
temperature signiﬁcantly reduced growth rate compared to the
higher growth temperatures and delayed inﬂorescence development even further.
For all following analyses, only the endpoints of the growth
curves are compared, which represent the same developmental
stage in all cases. The timing of inﬂorescence development, however, differed not only between the different growth conditions
(Fig. 4), but also between the eight accessions that were investigated (Table 2).

Table 2
Harvest dates in days after transfer to the different growth conditions for the different accessions.
Accession

20 ◦ C/18 ◦ C

15 ◦ C/13 ◦ C

10 ◦ C/8 ◦ C

Rub-1
Te-0
Col-0
Rld-2
Sha-0
Tsu-0
Bur-0
Edi-0

20
25
25
20
20
31
43
25

22
34
34
25
25
39
50
25

40
57
57
49
43
62
77
46

Fig. 5. Plant size, measured as rosette diameter, and expression of the CBF1, 2 and
3 genes in eight Arabidopsis accessions under three different growth conditions.
Plants were harvested at the end of the growth experiments (compare Fig. 4). Data
for rosette diameter show the means ± SE for 8–10 plants. Gene expression data are
the means from two technical replicates measured on RNA isolated from pools of 4–5
whole rosettes. The harvest dates as days after transfer for the different accessions
and temperature regimes are shown in Table 2. The accessions are ordered from the
most freezing tolerant (Rub-1) on the left to the most sensitive (Edi-0) on the right.
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Fig. 6. Plant size at the end of the growth experiments (compare Fig. 4), measured as rosette diameter, in eight Arabidopsis accessions and their corresponding CBF RNAi lines
under three different growth conditions. For each accession and growth condition, the rosette diameter of the wild type plants was set as 100%. Data show the means ± SE
for 8–10 plants. Signiﬁcant differences between wild type and RNAi plants were tested by Student’s t-test and are indicated by asterisks (*p < 0.05; **p < 0.01).

The ﬁnal plant size, measured as rosette diameter, varied both
between the accessions and between the different growth conditions within the accessions (Fig. 5). In most accessions, the ﬁnal
size increased with decreasing growth temperature, emphasizing
the fact that even 10 ◦ C/8 ◦ C was not a prohibitive temperature for
Arabidopsis growth. It should of course be kept in mind that this
increased size was also a function of the longer developmental
time span. The expression of the CBF genes also varied between
accessions and growth conditions (Fig. 5). However, in all accessions expression was highest in CBF3 and lowest in CBF1, with CBF2
showing a medium level of expression, similar to our earlier data
[33] and the short term induction data reported in Fig. 1. Also, the
expression of all three genes generally increased with decreasing
temperature, as would be expected for cold-induced genes. Inter-

estingly, this was more pronounced in the more freezing tolerant
than in the three most sensitive accessions. However, there was no
obvious relationship between the level of CBF expression and plant
size at the different temperatures or between the accessions.
To test the inﬂuence of CBF gene expression on plant size more
directly, we performed the same growth experiments also with
two independent RNAi lines for each accession and calculated the
relative size compared to the respective wild type under each temperature regime (Fig. 6). It is apparent that the differences between
the RNAi lines and the respective wild type plants were rather
small and were only statistically signiﬁcant in four out of 48 cases.
Nevertheless some trends could be observed. A small reduction in
rosette size in the RNAi lines compared to the wild type was only
observed in the two most freezing tolerant accessions Rub-1 and
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Fig. 7. Expression of the CBF1, 2 and 3 genes in eight Arabidopsis accessions and their corresponding CBF RNAi lines under three different growth conditions. Plants were
harvested at the end of the growth experiments (Table 2). For each gene, accession and growth condition, gene expression of the wild type plants was set as 100%. Data are
the means from two technical replicates measured on RNA isolated from pools of 4–5 whole rosettes. The numbers on top of the panels denote relative gene expression in
those cases where it exceeded the chosen limit of the ﬁgures (>250%).

Te-0. All others showed either no differences (Sha-0, Tsu-0, Bur0), or a minor increase in size at the higher growth temperatures
(Col-0, Rld-2, Edi-0). Of course, these trends should be viewed with
caution, as most of the differences were not statistically signiﬁcant.
The expression of the CBF genes, measured in the same plants,
showed some interesting patterns (Fig. 7). As mentioned earlier,
the RNAi construct showed the greatest homology to the CBF2
gene. Consequently, that is also the gene where we observed the
strongest reduction in expression relative to the wild type in all
accessions and under all growth conditions. In some cases, most
prominently in the accessions Te-0, Col-0 and Rld-2, we found a
compensatory increase in the expression of CBF1 and/or CBF3. A

similar observation has been made in a CBF2 knock-out mutant in
the Col-0 background [29]. However, this was not true in all accessions. In Edi-0, Bur-0 and Tsu-0 the suppression of CBF2 expression
was at least as strong as in Te-0, Col-0 and Rld-2, but CBF1 and CBF3
were mostly either not inﬂuenced or even showed a decrease in
their expression. This indicates a strong inﬂuence of the genetic
background on the regulation of CBF gene expression.
To obtain a more general picture of the relationship between the
expression of the different CBF genes, we analyzed all three possible
pairwise correlations (Fig. 8). A close correlation was only observed
between the expression of CBF1 and CBF3, while the correlation
of the expression of either gene with CBF2 expression was rather

Fig. 8. Analysis of all three possible pairwise linear correlations (CBF1 vs. CBF2 (A), CBF1 vs. CBF3 (B), CBF2 vs. CBF3 (C)) of expression levels of the three CBF genes. Data were
compiled from all accessions and the respective RNAi lines (compare Fig. 7). The lines were ﬁtted to the data by least squares regression analysis. Correlation coefﬁcients and
p-values are shown in the respective panels.
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Fig. 9. Damage score distribution after freezing in the population 19RV (Can-0 × Col0) and 20RV (Bur-0 × Col-0). The scale has been extended for the 20RV population
for clarity.

weak. Signiﬁcantly, there was no negative correlation between the
expression of CBF2 and the other two genes, indicating that CBF2 is
not generally a negative regulator of CBF1 and CBF3 gene expression in Arabidopsis, as proposed previously [29]. Also, there was no
correlation between the expression of any of the CBF genes and
plant growth at any growth temperature (data not shown). This
indicates that within a physiological range, CBF expression has no
strong inﬂuence on growth, in contrast to the results obtained with
strong constitutive overexpression lines [1].
3.4. QTL analysis in two RIL populations
Genome-wide quantitative genetics has been used to investigate natural genetic variation for freezing tolerance after cold
acclimation using subsets of 164 Recombinant Inbred Lines (RILs)
optimized for QTL mapping that were grown and phenotyped
under our standard conditions described in [33]. These experiments were performed on two RIL populations derived from
Can-0 × Col-0 (19RV) and Bur-0 × Col-0 (20RV) crosses. The transgressive segregation of the damage score observed among RILs
(Fig. 9) indicates that the genetic potential for the study of freezing tolerance after acclimation exists in these populations. Indeed,
signiﬁcant QTLs with LOD scores greater than 3.0 were mapped
(Fig. 10) in each population. The experiment has been repeated
at a different period of the year for the RIL population derived
from the Can-0 × Col-0 cross to explore an eventual seasonal effect
during the growth period in the greenhouse. Mapping of QTLs
was completely congruent with the ﬁrst experiment (data not
shown).
In the Can-0 × Col-0 RIL population, several QTLs were predicted: one on the top of chromosome 3 explaining 9.4% of the
phenotypic variance and several additional QTLs spanning most
of chromosome 4, explaining from 27% to 47% of the phenotypic
variance. As expected, considering previous data on the CBF path-
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way, one QTL on chromosome 4 maps in the region of the CBF gene
cluster, but two others were detected on top of chromosome 4
and near the CBF region, respectively (Fig. 10). All additive effects
showed negative values, indicating that Col-0 always contributed
to increased freezing tolerance. To conﬁrm QTL localisation at the
different positions we used NILs (Near Isogenic Lines) obtained by
producing Heterogeneous Inbred Families (HIFs). This material was
generated taking advantage of the residual heterozygosity still segregating in F6 RILs. Initially, nine candidate RILs (343, 334, 290, 197,
133, 58, 46, 25 and 5), that were heterozygous around the predicted
QTL positions on chromosome 4, were used. In four HIFs (334, 133,
46 and 25), the comparison between lines that were ﬁxed for either
parental allele (Col-0 or Can-0) at the QTL region revealed a significant difference in survival after freezing (Fig. 11). To reduce the
size of the initial heterozygous region, which is generally large in
F6 material (several Mb), progenies of HIFs have been genotyped to
recover recombinants with a smaller heterozygous region, at least
reduced by half. This material has been submitted to the same phenotyping experiment. Some lines exhibited differences when ﬁxed
for one parental allele or the other, conﬁrming the localisation of
the QTL in the corresponding region (Fig. 11).
In the RIL population derived from the cross of Bur-0 × Col-0,
two QTLs were predicted, one at the bottom of chromosome 1
explaining 7.6% of the phenotypic variance and one at the top of
the chromosome 4 explaining 15.3% of the phenotypic variance.
Unlike in the previous population, the QTL in the region of the CBF
gene cluster exhibited a low LOD score that is scarcely signiﬁcant
(Fig. 10). Additive effects showed positive and negative values, indicating that both parents contributed to the expression of the trait.
To conﬁrm the QTL localisation, nine candidate RILs (479, 451, 440,
356, 341, 277, 151, 60 and 13) that were heterozygous around the
predicted QTL position on chromosome 4 were used. In two HIFs
(440 and 341) the comparison between plants that were ﬁxed for
each parental allele (Col-0 or Bur-0) at the QTL region revealed a
signiﬁcant difference in survival after freezing, thus conﬁrming this
QTL position.

4. Discussion
As already indicated in our previous study with a much smaller
group of accessions [33], natural accessions of the Arabidopsis Versailles nested core collection exhibited strong variability in CBF
gene expression after a short period (2 h) of cold exposure. The
most striking result of this large survey was the difference of distribution along the range of CBF expression levels between the most
sensitive and tolerant accessions. The most sensitive accessions
were grouped together among accessions with a low level of maximum cold-induced CBF expression. However, the most tolerant
accessions were spread out across the whole range of cold-induced
CBF expression, suggesting that the importance of the CBF cold
signalling pathway in freezing tolerance could vary between accessions and that some populations could be interesting sources of
new genes involved in the regulation of freezing tolerance. Overall, there was no simple correlation between CBF expression level
and the degree of freezing tolerance under the conditions of the
present experiments. While one possible explanation for this ﬁnding could be that CBF expression may not be equally important in
all accessions, it should also be pointed out that we measured CBF
expression at its peak, after 2 h in the cold, while freezing tolerance was measured after 7 days of cold acclimation. A correlation
between CBF expression and freezing tolerance has previously been
found in a small collection of nine accessions when gene expression
was measured by microarray hybridization after 14 days at 4 ◦ C
[34], indicating that the timing of the expression measurements
may also play a role. A set of eight accessions with contrasting freez-
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Fig. 10. QTL detection with QTL cartographer in the 19RV and 20RV populations. Positions are given in Morgans, the signiﬁcant threshold for LOD score is indicated as a
continuous black line.

ing tolerance has been studied over six weeks at 5 ◦ C with weekly
sampling to observe an eventual secondary CBF peak in the most
tolerant accessions, as was shown in different lines of winter wheat
[44]. However, no secondary peak was observed in Arabidopsis (data
not shown), indicating that high acclimated freezing tolerance is
sustained with low levels of CBF expression.
To address the question of the effect of differences in CBF
expression on freezing tolerance more directly, we generated RNAi
lines targeted against all three CBF genes in eight different accessions. While numerous previous studies have demonstrated an
increase in freezing tolerance due to constitutive overexpression
of CBF genes in different plant species from Arabidopsis to poplar
[24,45–47], only one study reported the effect of inactivation of
a CBF gene on freezing tolerance [29]. Interestingly, the conclusion from this study that investigated a T-DNA insertion knock-out

mutant in the CBF2 gene in Col-0 was that CBF2 is a negative regulator of the expression of CBF1 and CBF3. Consequently, the mutant
line showed a higher freezing tolerance than the Col-0 wild type
plants. This increase in freezing tolerance was also observed in
the RNAi lines in Col-0 background investigated here. An increase
in CBF1 and CBF3 expression together with a down-regulation of
CBF2 expression was only evident at the end of the growth experiments, but not after 2 h at 5 ◦ C. Further detailed investigations into
the kinetics of the cold acclimation process will be necessary to
completely resolve this issue. A general role of CBF2 as a negative
regulator of CBF1 and CBF3 expression, however, seems unlikely on
the basis of our data, which show no negative correlation between
the expression of CBF2 and either of the other CBF genes. In addition, we observed strong repression of CBF2 expression (up to 95%)
in the RNAi lines of several accessions without any increase in the
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Fig. 11. QTL validation with HIFs in the 19RV population for QTL detected on chromosome 4. Bold lines represent heterozygous regions in the F6 generation and
thinner lines represent recombinants. The importance of segregation is shown on
an example of photos.

expression of the other CBF genes or an increase in freezing tolerance. These effects seem to be limited to a few accessions, but
the reasons for these differences between different accessions are
currently completely unclear. Interestingly, our correlation analyses indicate that the expression levels of CBF1 and CBF3 are tightly
linked, while the expression of CBF2 seems to be regulated independently of the other two genes. The molecular basis of these
differences in regulation is also unclear at present.
Until now only a single knock-out mutant in a CBF gene in Arabidopsis has been reported for CBF2 and the position of the three
CBF genes in a cluster excludes the generation of double and triple
mutants by classical genetic approaches. We therefore used a RNAi
strategy to inactivate one or more members of this gene family. The
absence of a complete knock-out of any gene in all our transgenic
lines may be a signiﬁcant observation. Two main reasons could
explain this result. First, the construct may not be efﬁcient enough
to completely suppress the expression of the target genes, although
the construct was clearly effective to some degree. Alternatively, it
is possible that the total inactivation of CBF gene(s) could be deleterious and that the knock-out transgenic lines were lost during
the selection process. The impaired development of plants overexpressing CBF coding sequences described in the literature [24,47] is
congruent with the hypothesis that CBF genes have major roles in
pathways other than cold acclimation. On the other hand, the CBF2
knock-out line in Col-0 was clearly viable [28] and in the investigated RNAi lines no clear effects on growth could be detected.
Screening of further RNAi or artiﬁcial microRNA lines generated
with different CBF sequences will be necessary to resolve this question.
The freezing tolerance analysis of the RNAi lines showed obvious variation in the effect of down-regulation of CBF expression
among natural accessions. Independent evolution of natural populations, allowing selection of different networks involved in stress
response in different accessions, could partly explain this variability. In agreement with this hypothesis, we found that freezing
tolerance QTLs mapped to different positions in the two tested
populations.

11

Another possible explanation is that the effects of the RNAi construct are not straightforward because of interactions between the
three CBF genes, as has been reported in the Col-0 background by
Salinas et al. [28,29]. In agreement with this hypothesis, increased
expression has been observed in some of our transgenic lines,
suggesting complex regulation that depends in addition on the
genetic background. To approach this question more comprehensively, artiﬁcial microRNA lines designed to target only one gene
each have been generated in different genetic backgrounds and are
currently under investigation.
Freezing tolerance is a complex trait of great agronomic interest appropriate for QTL analysis. Consequently, this approach has
been successfully used in different species such as wheat, barley,
sunﬂower, rice or pea [48–57]. QTL identiﬁcation and mapping
proved to be of great help in plant breeding to identify interesting regions in the genome and perform marker assisted selection.
Different traits related to cold tolerance, such as germination capacity in cold and dark conditions [58] or freezing resistance under
long or short day conditions [27] have been studied in Arabidopsis using a QTL approach. Here we have performed QTL analysis in
two different RIL populations using freezing tolerance after acclimation as the phenotyped trait. The major result of these analyses
is that the identiﬁed QTLs differ between two populations. The validation of QTL positions by analysing HIFs and the absence of known
genes involved in freezing tolerance in the detected areas, except in
the CBF region, indicates that novel genes could be identiﬁed using
this approach. We are currently in the process of cloning candidate
genes that are responsible for the identiﬁed QTLs.
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