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Defining roles of tandemly
arrayed CBF genes in freezing
tolerance with new genome
editing tools

Cold acclimation is an adaptive response in which previous
exposure to non-freezing low temperature enhances freezing
tolerance in plants (Thomashow, 1999). Extreme examples are
birch and dogwood, which can withstand a freezing temperature of
�196°C when fully acclimated, whereas non-acclimated trees
would be injured at �10°C (Thomashow, 1990). Early studies
focused on the characterization of biochemical, physiological and
cellular changes that might contribute to freezing tolerance, and
the arrival of molecular genetics of the model plant Arabidopsis
thaliana three decades ago, has promoted a new era of molecular
investigation of transcriptional reprogramming during cold accli-
mation.One of themost studied components in cold acclimation is
the family of the transcriptional factor C-repeat binding factor
(CBF) (CRT/DRE-binding factor), also known as DREB (dehy-
dration-responsive element (DRE)-binding protein). Three CBF
genes (CBF1–3) of Arabidopsis are induced by cold (temperatures
such as 4°C) and each confers increased freezing tolerance when
overexpressed (Gilmour et al., 1998; Jaglo-Ottosen et al., 1998; Liu
et al., 1998). Despite extensive studies for over two decades of
these CBF genes in terms of how they are regulated and what
genes they regulate, several central questions have remained
unanswered until the study published in this issue of New
Phytologist by Jia and colleagues (pp. 345–353) and another
study by Zhao et al. (2016). What is the role of the three CBF
genes as a family, assuming that they have some overlapping
functions? What is the relative contribution of the CBF gene
family to cold acclimation in Arabidopsis? What is the function
of each of the three CBF genes? It has not been possible to
address these questions because no stable null mutants were
available for these three genes. Furthermore, these three genes are
physically arranged as tandem repeats (with the order of CBF1,
CBF3 and CBF2), which made it almost impossible to generate
double or triple mutants, even when single mutants were
available. This is not an uncommon challenge in genetic studies
as 17% of Arabidopsis genes are arranged in tandem arrays
(Arabidopsis Genome Initiative, 2000). An early attempt to
resolve this issue was to use RNA interference to knock down the
expression of individual genes (Novillo et al., 2007). Although
efforts like this led to a glimpse of the distinct functions of these

three genes and the complex regulation amongst them, the lack
of null mutants of single and multiple genes has made it
impossible to assess the function of the CBF1–3 genes as a whole
or individually.

‘In sum, these studies represent a significant milestone in

resolving long-standing questions on the CBF gene family,

and they also set the stage for further dissection of

transcriptional responses to cold.’

The roles of these threeCBF genes have now finally been defined
(Jia et al., 2016; Zhao et al., 2016), thanks to the recent
development of the CRISPR/Cas9 (clustered regularly interspaced
short palindromic repeats/CRISPR associated protein 9) system, in
which specific sequences in the genome can be targeted by guide
RNA for nuclease cutting, and can be altered during DNA repair
(Wiedenheft et al., 2012). Jia et al. (2016) used this system in a cbf3
T-DNA mutant background to knock out CBF1 and CBF1/2,
respectively, and generated the cbf3, cbf1,3 and cbf1,2,3 mutants.
Zhao et al. (2016) used this system to knock out the three CBF
genes and obtained all single, double and triple mutants (except for
cbf1,2) by targeting either single or double sites in the tandem
array. Detailed analyses of thesemutants revealed the precise role of
the three CBFs in freezing tolerance. Indeed, the cbf1,2,3 triple
mutant has compromised freezing tolerance after cold acclimation,
establishing unequivocally that CBF1–3 genes are important
regulators of cold acclimation. It is now possible to calculate the
extent of the acclimation effect that is mediated by the three CBF
genes. Using 50% ion leakage as an indicator, the wild-type
Arabidopsis withstands �8°C with acclimation and �4.5°C
without, whereas cbf1,2,3 withstands �6°C with acclimation and
�4°C without (Zhao et al., 2016). Therefore, the CBF genes can
make a 2°C difference in freezing tolerance in a 4°C capacity in
cold-acclimatized Arabidopsis.Without acclimation, no difference
in freezing tolerance was observed in the study of Jia et al. (2016)
and a slightly reduced freezing tolerance was observed in the study
of Zhao et al. (2016). The minor discrepancy might have resulted
from the sensitivity of the basal freezing tolerance assay or the
different mutant alleles used. Nevertheless, these data indicate that
themajor function ofCBFs is tomediate adaptive responses during
cold exposure to induce changes critical for freezing tolerance, and
they play little or minor roles in basal freezing tolerance. The study
of Jia et al. also found that the cbf1,2,3 plant is slightly larger than
the wild-type when grown constantly in the cold (4°C).This article is a commentary on Jia et al., 212: 345–353.
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Overexpression of CBF has been shown to inhibit plant growth
(Achard et al., 2008). This again indicates that the CBF genes are
responsible for cold adaptation in inhibiting growth and preparing
plants for anticipated freezing conditions. In addition to freezing
tolerance, the study of Zhao et al (2016) identified a positive role of
CBFs in salt stress tolerance, which could contribute to the general
stress tolerance enhancement properties by some CBF regulated
genes.

The role of individual CBF genes and the degree of redundancy
were also revealed by these studies. The triple mutant exhibited the
strongest susceptibility to freezing tolerance after acclimation,
indicating that these genes have overlapping functions. The cbf2
single mutant was more susceptible to freezing tolerance than the
wild-type, whereas the cbf1 and cbf3 single mutants were slightly
more tolerant than the wild-type (Zhao et al., 2016), which is
probably a result of an increase in CBF2 expression in cbf1 and cbf3
mutants, but not the other way around. These data also indicate that
CBF2 plays a larger role in cold acclimation than CBF1 and CBF3.
When functions of more CBF genes were knocked out, the plant
becamemore susceptible to freezing with acclimation; the severity of
susceptibility was found to be cbf1,2,3 > cbf1,3 > cbf3 (Jia et al.’s
study) and cbf1,2,3 > cbf2,3 > cbf2 (Zhao et al. 2016). Surprisingly,
the cbf1,3 mutant exhibited greater tolerance than the wild-type in
the study ofZhao et al. (2016),whereas itwasmore susceptible in the
study of Jia et al.. The discrepancy might have arisen from the
different doublemutants used in the two studies. The cbf1,3mutant
in the study of Jia et al. contained an 11-bp deletion in CBF1 and a
T-DNA insertion inCBF3, whereas the cbf1,3mutant in the study of
Zhao et al. (2016) was a 4.1-kb deletion of genomic sequences
containing CBF1 and half of the CBF3 gene. It is possible that the
CBF2 gene in the cbf1,3 mutant of Zhao et al. (2016) was brought
closer to the regulatory sequences of the CBF1 gene by the deletion
and could have a higher expression, or earlier induction by cold
(Novillo et al., 2007), to confer more freezing tolerance in the
mutant than in the wild-type. Alternatively, truncated forms of
CBF1orCBF3proteins could have beenproduced in the study of Jia
et al., which interfered with the function of CBF2.

Another significant advance of these studies is the definition of
the CBF regulon, the collection of genes regulated by the CBF
genes. An earlier study using the overexpression of individual
CBF1, CBF2 and CBF3 genes estimated that 6.5% (172/2637) of
COR (cold responsive) genes were regulated by CBFs (Park et al.,
2015). Using the cbf1,2,3 triple mutant, the CBF regulon is now
found to consist of a larger group of genes. Using criteria
representing two-fold changes in expression between the wild-type
and the triple mutant, 414 COR genes were defined as CBF
regulated genes, that is 10% ofCOR genes (414/4086) (Zhao et al.,
2016). A less conservative definition would yield 601 cold-
upregulated and545 cold-downregulated genes present in thewild-
type, but not in the cbf1,2,3 mutant, representing 28% ((601
up + 545 down)/(2084 + 2002)) of the total COR genes. In the
study of Jia et al., a stringent criterion identified 134CBF regulated
genes and less stringent criteria yielded 839 (422 up + 417 down)
genes with a CBF-dependent cold induction, representing 25% of
the total COR genes (1816 + 1530) identified.

In summary, these studies represent a significantmilestone in the
resolution of long-standing questions on the CBF gene family, and
also set the stage for further dissection of transcriptional responses
to cold. What transcriptional factors are responsible for the other
three-quarters of the genes? What is the regulatory architecture of
all these transcriptional factors and their targets? More challeng-
ingly, how do these gene expression changes relate to biochemical,
biophysical and cellular changes that ultimately lead to freezing
tolerance? Future investigations will further unfold the molecular
mechanisms underlying cold acclimation, an important adaptive
response in plants.
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