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Abstract

In terrestrial environments, water and nutrient availabilities and temperature conditions are highly variable, and espe-
cially in extreme environments limit survival, growth, and reproduction of plants. To sustain growth and maintain cell
integrity under unfavourable environmental conditions, plants have developed a variety of biochemical and physio-
logical mechanisms, orchestrated by a large set of stress-responsive genes and a complex network of transcription
factors. Recently, cycling DOF factors (CDFs), a group of plant-specific transcription factors (TFs), were identified as
components of the transcriptional regulatory networks involved in the control of abiotic stress responses. The ma-
jority of the members of this TF family are activated in response to a wide range of adverse environmental conditions
in different plant species. CDFs regulate different aspects of plant growth and development such as photoperiodic
flowering-time control and root and shoot growth. While most of the functional characterization of CDFs has been
reported in Arabidopsis, recent data suggest that their diverse roles extend to other plant species. In this review, we
integrate information related to structure and functions of CDFs in plants, with special emphasis on their role in plant
responses to adverse environmental conditions.
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Introduction

Abiotic stresses such as salinity drought, extreme temperature,
and low soil fertility are among the most important environ-
mental conditions that constrain plant growth, development,
and productivity. The gradual colonization of different ter-
restrial habitats, including a wide of range of extreme envir-
onments, during plant evolution has been possible thanks to
the development of complex molecular and physiological
mechanisms to modulate growth depending on availability of
resources and environmental conditions (Xiong et al., 2002;

Shinozaki and Yamaguchi-Shinozaki, 2007; Ahuja et al., 2010;
Skirycz and Inzé, 2010; Osakabe et al., 2011; Nishiyama e al.,
2012; Zhu, 2016).

Genome-wide expression analyses in multiple plant spe-
cies have revealed a large set of genes that are regulated by
different environmental stress conditions (reviewed in Todaka
et al., 2015; Ohama et al., 2017; Zhu, 2016) and which en-
code proteins with functions in stress tolerance, such as chap-
erones implicated in de novo protein folding and the refolding
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of misfolded proteins, osmoregulatory proteins, as well as anti-
oxidant proteins and enzymes involved in the detoxification of
reactive oxygen species (ROS) and xenobiotics (Stitt & Krapp,
1999; Xiong et al., 2002; Yanagisawa, 2004; Foyer et al., 2006;
Shinozaki and Yamaguchi-Shinozaki, 2007). Moreover, abiotic
stresses promote changes in the expression of genes involved in
carbon (C) metabolism, regulation of carbon/nitrogen (C/IN)
balance, and signalling transduction and the control of gene
expression, such as protein phosphatases and kinases and a large
group of transcription factors (TFs). Several of the TFs impli-
cated in the regulation of gene expression and abiotic stress
signalling have been identified so far, including different mem-
bers of large gene families such as bHLH, HD-ZIP, WRKY,
MYB, bZIP, DOE and NAC (Shinozaki et al., 2003; Osakabe
et al., 2014; Todaka et al. 2012; Zhu et al., 2016). These data
suggest the existence of complex transcriptional regulatory
networks in which TFs are likely to physically interact to form
complexes, as shown recently for several bZIP, bHLH, MYB,
and DOF TFs (Zhang et al., 1995; Kang and Singh, 2000;
Washio, 2003; Diaz et al., 2005; Skirycz et al., 2008; Wei et al.,
2010).

Plant specific DNA binding with One Finger (DOF) pro-
teins are a group of TFs characterized by a 50-amino-acid con-
served DNA binding domain that is usually located in their
N-terminal region and linked to a basic region (Yanagisawa,
1995). The conserved DOF domain is a particular zinc finger
domain, with a specific C,—C, finger structure, that binds
specifically to cis DNA regulatory elements containing the
common core 5-T/AAAG-3" motif present in the promoter
regions of its target genes (Yanagisawa and Schmidt, 1999;
Yanagisawa, 2002). In addition, recent studies reported that, al-
though it was originally identified as a DNA binding domain,
the DOF domain might display multiple functions including
nuclear localization, interaction with other TFs, as well as cell-
to-cell trafficking (Krebs et al., 2010; Chen et al., 2013).

DOF proteins have been reported to display a wide range
of functions controlling many different aspects of plant growth
and development, including shoot branching, vascular system
development, flowering time, germination, and seed matur-
ation (reviewed by Le Hir and Bellini, 2013; Noguero ef al.,
2013; Yanagisawa, 2016). Moreover, new functions have been
described for DOF TFs related to the control of the balance
between carbon and nitrogen metabolism in maize (ZmDOF1-
2), pine (PpDOFS5), tomato (SICDF3), and Arabidopsis
(AtCDF3), through the control of the expression of key genes
such as pyruwate kinase (PK), phosphoenolpyruvate carboxylase
(PEPC) and glutamine synthetase (GS) (Yanagisawa and Sheen,
1998; Yanagisawa, 2004; Rueda-Lopez et al., 2008; Kurai ef al.,
2011; Corrales et al., 2017; Pena et al., 2017; Renau-Morata
et al., 2017).

During the past few years, different detailed phylogenetic
studies using the complete repertory of amino acid sequences
of DOF proteins from different plant species (i.e. tomato,
pepper, poplar, Arabidopsis, rice, barley, and Brachypodium),
revealed four main families or groups of orthologous
genes, named A-D (Lijavetzky et al., 2003; Yang et al., 2000;
Hernando-Amado et al., 2012; Sugiyama et al., 2012; Corrales
et al.,2014;Wu et al., 2016). Among the components of group

D, aset of DOF genes known as Cycling Dof factors (CDF) were
described, whose expression levels oscillate with a circadian
rhythm (Imaizumi et al., 2005; Fornara et al., 2009; Corrales
et al., 2014). It is well established that CDFs are key factors
in the photoperiodic pathway of flowering-time regulation
in Arabidopsis (Imaizumi et al., 2005; Fornara et al., 2009)
by controlling expression patterns of key regulators such as
CONSTANS (CO) and FLOWERING LOCUS (FT). CDF
protein stability is regulated in long days by a protein com-
plex formed by the product of the clock gene GIGANTEA
(GI) (Park et al., 1999) and the blue-light absorbing protein
FLAVIN BINDING KELCH REPEAT F-BOX PROTEIN
1 (FKF1), which bind to the CDF C-terminal region through
specific conserved motifs comprising approximately 10-30
amino acid residues (Imaizumi et al., 2005; Sawa et al., 2007;
Kloosterman et al., 2013). Thus, a protein complex formed by
GI and an F-box protein, FKF1, is required to degrade the
CDF proteins in the long-day afternoon, releasing repression
of CO and FT transcription (Imaizumi et al., 2005; Sawa et al.,
2007). Additional functional protein analyses have provided
new insights into the transcriptional control of CDF factors
(Goralogia et al., 2017), and a molecular mechanism by which
CDFs repress the expression of CO and FT target genes has
been proposed (Goralogia et al., 2017). Arabidopsis CDF pro-
teins contain in their N-terminal region a conserved domain
required for the interaction with the TOPLESS (TPL) co-re-
pressor protein (Liu and Karmarkar, 2008). This TPL inter-
action confers a repressive function on CDF1, since single
mutations of the N-terminal TPL binding domain impair
CDF1 protein to repress its CO and FT targets (Goralogia
et al.,2017). Consequently, CDF1 repression is exerted through
the formation of a CDF-TPL transcriptional complex, which
reduces the expression levels of CO and FT during a specific
period of the day for seasonal flowering.

Lately, different reports showed that Arabidopsis, tomato,
and rapeseed CDFs play additional functions in plant metab-
olism and abiotic stress responses (Corrales et al., 2014, 2017,
Fornara et al., 2015; Xu and Dai, 2016; Renau-Morata et al.,
2017). Based on these observations, it is possible to speculate
that CDFs are likely to regulate directly or indirectly processes
associated to carbon and nitrogen assimilation, abiotic stress
tolerance, and flowering time control. In the present review we
summarize current knowledge about the CDF family empha-
sizing its role in the control of abiotic stress responses.

CDFs: structure and molecular
characteristics

The domain structure of CDF TFs

CDFs display variable size ranging from 200 to 450 amino acid
residues (Corrales et al., 2014; Yanagisawa, 2016). Their pro-
tein sequences include a DOF DNA binding domain usually
located close to the N-terminal region, a nuclear localization
signal (NLS) (Fig. 1), and, typically, other domains involved
in the control of transcriptional activities or protein stability
(Imaizumi et al., 2005; Sawa et al., 2007; Kloosterman et al.,
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Fig. 1. Alignment of the amino acid sequences of DOF domains of CDF TFs from representative plant species. DOF domains were aligned of the
CDFs selected from representative plant species: Chlamydomonas reinhardtii (CrDOF), Ostreococcus tauri (OtDOF), Volvox carteri (VcDOF), Marchantia
polymorpha (MpDOF), Physcomitrella patens (PpDOF3), Selaginella moellendorffii (SmDOF3), Pinus pinaster (PinoDOF10), Populus trichocarpa
(PtrDOF®6), Oryza sativa (OsDOF2), Arabidopsis (AtCDF1), and Solanum lycopersicum (SICDF1). The amino acid residues conserved in all proteins are
marked by an asterisk. Cysteine residues that are likely involved in a C,—C, Zn finger are connected by blue arrows. The red bar indicates a region
located outside the Zn finger involved in DNA binding. The positions of aromatic amino acid residues conserved, involved in DNA binding, are indicated

by black arrows.

2013). While the amino acid sequence of the DOF domain
is highly conserved, the C-terminal regions are usually highly
variable in both amino acid composition and length across the
different members of the CDF family (Corrales et al., 2014,
Yanagisawa, 2016).

DOF domains

A DOF domain typically contains a zinc finger motif of about
30 amino acid residues, and a motif of about 20 amino acid
residues located at its N-terminal region (Fig. 1, labelled in
red). These amino acid segments have been proposed to be
involved in the specificity and affinity of the DOF-DNA
interaction (Yanagisawa, 2016). Specific mutations of two con-
served amino acids, Tyr and Trp located outside the Zn finger,
conserved across DOF TFs including CDF (Fig. 1), signifi-
cantly reduced the sequence specific DNA binding capacity
of these protein factors (Shimofurutani et al., 1998; Umemura
et al., 2004). DOF DINA-binding activities have been analysed
by different in vitro and in vivo approaches revealing that all the
DOF TFs tested bind a similar 5'-AAAG-3" DNA sequence
or its complementary sequence, 5-CTTT-3" (reviewed in
Yanagisawa, 2004, 2016), with the exception of AOBP, a
pumpkin DOF protein, which recognizes a 5'-AGTA-3" motif
(Kisu et al., 1998). Similarly, by using difterent in vitro assays, a
similar sequence, 5-(A/T)AAAG-3", has been established as
the recognition core for several CDFs, including Arabidopsis
CDF1 and CDF3 (Imaizumi et al., 2005; Corrales et al., 2017),
tomato SICDF1-5 (Corrales ef al., 2014), and potato StCDF1
factor (Kloosterman ef al., 2013). However, these short putative
CDF binding sites are quite often found in the regulatory re-
gions of many genes and regions across the genome, and likely
only a few would be true functional sites. As described for
maize ZmDOFT1, the specific position of the 5-(A/T)AAAG-
3’ motif in the genome defines the binding of ZmDOF1 to
DNA in vivo (Cavalar ef al.,2003), suggesting that both the lo-
cation and the interaction with other factors might determine
the capacity of these TFs to bind to DNA and control transcrip-
tion at precise sites in the genome. Only definitive chromatin
immunoprecipitation followed by sequencing (ChIP-seq)

and computational integration of these data with other func-
tional genomic assays, such as RNA sequencing (RNA-seq)
for gene expression levels and ATAC-/DNase-seq/FAIRE-seq
for chromatin accessibility, will provide accurate functional
binding sites depending on the different environmental stress
conditions.

C-terminal motifs: interactions between CDFs and
other proteins

A number of functionally significant interactions of CDFs have
been reported with other proteins, several mediated by domains
different from the conserved DOF domain (Imaizumi et al.,
2005; Sawa et al., 2007; Kloosterman et al., 2013). CDF pro-
teins typically contain in their C-terminal region GI- (labelled
in blue) and FKF1-binding (pale green) domains, which are
specific for CDFTFs (Fig. 2). They both participate in the pro-
tein—protein interactions that control their post-translational
regulation (Imaizumi et al., 2005; Kloosterman et al., 2013;
Corrales et al., 2014). Besides, CDFs contain an additional do-
main with the consensus sequence SPTLGKHSRDE of un-
known function (Fig. 2; labelled in purple). Moreover, CDF
proteins contain in their N-terminal region a non-EAR motif-
like conserved domain (marked in yellow), which has been
reported to be required for interaction with the co-repressor
TPL protein (Goralogia et al., 2017).

Molecular evolution of the CDF TF family

Different genome-wide searches highlight that CDF factors are
widely spread throughout the plant kingdom (Corrales et al.,
2014, 2017;Yanagisawa, 2016) and their evolutionary relation-
ships have been previously described (reviewed in Moreno-
Risueno et al., 2007; Shigyo et al., 2007; Lucas-Reina ef al.,
2015;Yanagisawa, 2016). The number of CDF genes identified
in the available sequenced plant genomes is variable, and range
from one in unicellular green algae like Ostreococcus tauri and
Chlamydomonas reinhardtii and the colonial green alga Tolvox
carteri, to 15 in soybean (Table 1; Moreno-Risueno et al.,2007).
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Fig. 2. Phylogenetic cladogram of CDF proteins and schematic representation of the conserved motifs identified. The diversity of motif compositions

in the CDF proteins identified in representative model plants and algae species such as C. reinhardtii, O. tauri, \. carteri, M. polymorpha, P patens,

S. moelendorffii, P. pinaster, R trichocharpa, O. sativa, Arabisopsis, and S. lycopersium genomes was assessed using the MEME program (Bailey et al.,
2009), and a total of six conserved motifs were identified. (A) Phylogenetic cladogram of CDF proteins in the plant lineage and representation of the most
representative motifs from those identified by means of MEME software. CDF proteins from the chlorophyte division, including C. reindhartii, O. tauri,
and O. carteri, only share in their protein sequences the DOF DNA-binding domain (marked in red); CDF factors from angiosperm species contain all

six conserved motifs in addition to the DOF domain. Three classes of CDF factors with different domain composition, labelled as ‘a’, ‘b’, and ‘c’, have
been identified in bryophyte and lycophyte clades. (B) Conserved amino acid sequences of the identified motifs. Only domains with a significant score in
the MEME program are shown. (C) Domain structure of CDF transcription factors subfamily. The conserved domains in CDFs are marked with different
colours: TPL interaction domain (yellow), nuclear localization signal (NLS; green), DOF-DNA binding domain (red), Gl interaction (light green), FKF1
interaction domain (blue), and the conserved domain with unknown function (purple).

The approximate average copy number of CDF genes in the
genome in a vascular plant is five. However, the genome of
the moss Physcomitrella patens encodes six CDF genes and that
of the spikemoss Selaginella encodes four CDF genes, which

both are highly variable in amino acid sequence and domain
structure. The fact that Physcomitrella and Selaginella genomes
contain a similar number of CDF genes to the one found in
vascular seed plants, higher than the number of CDF genes
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Table 1. Numbers of CDF genes in a variety of plant species

Species No. of DOF genes No. of CDF genes Reference
Green algae

Chlamydomonas reinhardftii 1 1 Lucas-Reina et al. (2015)

Ostreococcus tauri 1 1 Lucas-Reina et al. (2015)

Volvox carteri 1 1 Lucas-Reina et al. (2015)
Liverwort

Marchantia polymorpha 1 1 Lucas-Reina et al. (2015)
Moss

Physcomitrella patens 19 6 Shigyo et al. (2007), Sugiyama et al. (2012)
Spikemoss

Selaginella moellendorffii 8 4 Moreno-Risueno et al. (2007)
Gymnosperm

Pinus pinaster 10 3 Rueda-Lopez et al. (2013)
Monocotyledons

Brachypodium distachon 27 5 Hernando-Amado et al. (2012)

Hordeum vulgare 26 5 Moreno-Risueno et al. (2007)

Oryza sativa 30 5 Lijavetzky et al. (2003)

Sorghum bicolor 28 5 Kushwaha et al. (2011)
Dicotyledons

Arabidopsis 36 5 Lijavetzky et al. (2003)

Capsicum annuum 33 6 Wu et al. (2016)

Cucumis sativus 36 5 Wen et al. (2016)

Daucus carota 46 5 Huang et al. (2016)

Glycine max 78 15 Guo and Qiu (2013)

Jatropha curcas 24 4 Wang et al. (2018)

Populus trichocarpa 41 4 Wang et al. (2017)

Pyrus bretschneideri 45 5 Liu et al. (2019)

Solanum lycopersicum 34 5 Corrales et al. (2014)

Solanum melongena 29 5 Wei et al. (2018)

Solanum tuberosum 35 5 Venkatesh and Park (2015)

Vitis vinifera 25 4 da Silva et al. (2016)

found in the green algae clade, indicates that the ancestral
CDF-like gene arose before the evolution and divergence of
green algae from other multicellular green lines. Thus, the ac-
tual CDFs might have evolved from at least one CDF-like
ancestral gene by duplication and subsequent divergence of a
common ancestor of green algae and non-vascular plants.

Phylogenetic analyses performed using available sequences
of CDF members using the genome information from repre-
sentative plant species of the major clades have provided a new
perspective on the evolution of this gene family (Corrales ef al.,
2014, 2017;Yanagisawa, 2016). The phylogenetic tree obtained
by these analyses indicates that CDFs can be clustered in four
different groups, which are correlated with the major plant
groups (Fig. 3). Among them, two large groups can be iden-
tified that contain all the CDF factors from chlorophytes and
angiosperms, which are quite distant from the others. Besides,
there are two clusters that include CDFs from the bryophyte
and lycophyte lineages, which are contiguous with one another
(Fig. 3). These results suggest that CDFs significantly changed
their structure during evolution by gradual divergence and ac-
quisition of new functional domains.

Comparative analysis of the complete amino acid sequences
within the CDF subgroups in the different evolutionary clus-
ters reveals that only the DOF domain has been highly con-
served (Fig. 3). However, the amino acid residues in the region
outside the DOF domain have significantly changed during

plant evolution, sharing a similar structure within specific
groups of phylogenetically related species (Fig. 3). While CDF
proteins from the chlorophyte division, including C. reindhartii,
O. tauri,and O. carteri, only share in their protein sequences the
50 amino acid DNA-binding domain (marked in red; Fig. 3),
CDF factors from angiosperm species contain all five con-
served motifs in addition to the DOF domain (Fig. 3). In sharp
contrast, in bryophytes and lycophytes, intermediate forms
have been identified, in which the identified CDFs contain
different combinations of the conserved domains outside the
DOF domain (Fig. 3).

The identified CDF gene in the liverwort Marchantia
polymorpha shows all the described motifs present in CDF pro-
teins of seed plants, including the TPL binding site and the
motifs required for the interaction with GI and FKF1, in ac-
cordance with the reported identification of GI and FKF1
homologous genes in these species (Kubota et al., 2014).
However, sequence analyses of CDFs identified in the moss
P patens (PpCDFs) showed two different domain structures
(Sugiyama et al., 2012). While the putative homologues of
AtCDF1 and AtCDEF3, PpDot3 and PpDot4, conserve the GI
but not the FKF1 and TPL motifs, the two other CDF groups
only maintain the TPL motif (Sugiyama ef al., 2012). Similarly,
in the case of the spikemoss Selaginella (a lycophyte), the iden-
tified CDFs show three different structures and combination
of domains. While several SmCDFs present TPL, GI, and FKF1
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Fig. 3. Phylogenetic tree of CDF TFs. The phylogenetic tree was inferred using the complete amino acid sequences of the CDFs from C. reinhardfii
(CrDOF), O. tauri (OtDOF), V. carteri (VcDOF), M. polymorpha (MpDOF), R patens (PpDOF), S. moellendorffii (SmDOF), P. pinaster (PinpDOF),

P, trichocarpa (PtrDOF), O. sativa (OsDOF), Arabidopsis (AtCDF), and S. lycopersicum (SICDF). CDF protein sequences were aligned by MUSCLE using
MEGA X 10.1 (Kumar et al., 2018) and their phylogenetic relationships were deduced using the neighbour-joining method with the substitution model
JTT (Jones et al., 1992). The names of major plant clades are shown outside of the circle. The scale bar corresponds to 0.2 substitutions per site. The

bootstrap number was 500.

motifs, some exhibit only GI and FKF and others TPL and GI
motifs (Fig. 2). Since bryophytes and lycophytes are represen-
tatives of the earliest land plants, which possess a number of
complex traits that enable them to survive new environmental
stresses (Banks ef al., 2011; Bowman ef al., 2017; Rensing et al.
2008), the gradual appearance of different new GI, FKE and
TPL binding domains in the CDFTF protein sequences might
be related to the acquisition of new functions and adaptation
processes to such new terrestrial conditions. Further functional
domain swapping studies are still needed to establish the spe-
cific functions of these domains in plant responses to different
environmental stress conditions.

Role of CDF transcription factors in abiotic
stress responses

The role of DOFTFs in the responses to several environmental
stress conditions in different plant species, including crops such
as maize, wheat, rice, potato, and banana, has been described
in a number of studies (reviewed in Le Hir and Bellini, 2013;
Yanagisawa, 2016). Recent data indicate that the CDFs are es-
pecially involved in the control of different abiotic stress re-
sponses (Corrales et al.,2014,2017; Fornara et al.,2015; Xu and
Dai, 2016; Renau-Morata et al., 2017).

Arabidopsis CDFs

Despite the Arabidopsis CDFs being initially characterized by
their cyclical diurnal transcript levels, additional expression

analyses of AtCDF1-5 genes showed that all change their
expression levels in respond to different abiotic stresses,
including drought, salinity osmotic stress, cold, and high tem-
peratures (Fornara et al., 2015; Corrales et al., 2017). Among
them, CDF3 has been studied in more detail, and functional
analyses have shown that it plays a crucial role in control-
ling plant response to drought, osmotic, and low temperature
stress (Corrales et al., 2017). The overexpression of AtCDF3
in Arabidopsis enhances plant tolerance to drought, cold, and
osmotic stress, while down-regulation of CDF3 (cdf3-KO)
leads to reduced resistance (Corrales et al., 2017). Moreover,
transcriptomic analyses of 35S::AtCDF3 overexpressor plants
revealed increased expression of a group of genes encoding
heat shock proteins, peroxidases, catalases, thioredoxins, and
DNA]J proteins, involved in cellular osmoprotection and ROS
homeostasis (Corrales et al., 2017). In addition, increased ex-
pression of key stress tolerance transcriptional regulators such
as CBF1-2 and -3, DREB2A, and ZAT10-12 was observed
(Corrales et al., 2017; Renau-Morata et al., 2017), suggesting
that CDF3 has important functions in the regulation of mech-
anisms against cellular damage caused by osmotic and low
temperature stresses (Corrales ef al.,2017; Renau-Morata et al.,
2017).In agreement with these results, detailed expression ana-
lyses of the gi mutant, which exhibits increased stability and
accumulation of CDF proteins, showed higher expression of
COR stress-regulated genes and increased protection against
low temperatures (Fornara et al., 2015). However, further
transcriptomic analyses revealed a limited overlap between
stress-responsive genes regulated by GI and CDF3 (Corrales
et al., 2017), indicating that GI and CDEF3 display specific
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functions in low temperature and osmotic stress conditions.
Additional system and functional analyses are necessary to es-
tablish the specific functions of these factors in plant responses
to the different environmental stress conditions.

Tomato CDFs

In a similar way to Arabidopsis CDFs, SICDF1-5 tomato homo-
logs have been demonstrated to be transcriptional regulators in-
volved in responses to salinity and drought conditions as well as
in the control of flowering time (Corrales et al., 2014; Renau-
Morata et al., 2017). Notably, quantitative PCR (qPCR) and
in silico expression analyses uncovered that all SICDFs respond
to different abiotic stresses such as salt, drought, and high and
low temperatures with different expression patterns in roots and
shoots, supporting a role of tomato SICDFs in abiotic stress re-
sponses (Corrales ef al.,2014; R enau-Morata et al.,2017).In add-
ition, overexpression of the tomato genes SICDF1 and SICDF3
in Arabidopsis resulted in increased tolerance to both salt and
drought stress (Corrales et al., 2014) and induced expression
of recognized abiotic stress-responsive genes such as COR15,
RD29A, and ERD10 (Corrales et al., 2014). Furthermore,
higher tolerance to salinity stress has been also reported in to-
mato plants overexpressing AtCDF3 or SICDF3 genes (Renau-
Morata et al., 2017). Altogether, these reports support that like
Arabidopsis CDFs, tomato CDFs might function as key up-
stream regulators in salinity and drought response pathways.

Rapeseed CDFs

As with Arabidopsis CDF1, BnCDF1, a CDF homolog from
rapeseed (Brassica napus), has been found to play an important
role in the control of low temperature stress responses (Xu
and Dai, 2016). Although BnCDF1 was not regulated by sal-
inity or low temperature stress treatments, the overexpression
of BnCDF1 in Arabidopsis enhanced freezing tolerance
and induced the expression of cold-responsive genes including
COR15A, RD29A, COR47, and CBF1 (Xu and Dai, 2016).
These various findings reveal the roles of CDFs in several plant
species in the regulation of plant responses to different abiotic
stress conditions, which are likely conserved across plants.

In silico analysis, using available expression data of CDF
genes from representative plant species of the major clades,
has provided additional evidence that supports the functions
of the CDF gene family in plant responses to adverse en-
vironmental conditions (Corrales et al., 2014, 2017; Huang
et al., 2016; Khraiwesh et al., 2015; Wu et al., 2016; Li et al.,
2020). A heat map representation obtained from these expres-
sion analyses (Fig. 4) showed that CDF genes in a number
of plant species including dicots like tomato, potato, pepper,
carrot, and poplar, and monocots like rice, as well as green algae
like Chlamydomonas (CrDOF) and mosses like Physcomitrella
(PpDOF2) are differentially expressed in response to diverse
abiotic stress conditions such as drought, salinity, osmotic stress,
and extreme temperatures, but with different expression pat-
terns. All these data revealed that CDF genes from different
plant species might play important roles in the regulation of
plant responses to particular environmental stress conditions.

Abiotic stress
Cold Osmotic Salt Drought Heat

CrDOF
PpDOF2
OsDOF2
OsDOF4
OsDOF12
OsDOF23
OsDOF26
AtCDF1
AICDF2
AtCDF3
AtCDF4
AtCDF5
SICDF1
SICDF2
SICDF3
SICDF4
SICDF5
StCDF1
StCDF2
StCDF3
StCDF4
StCDF5
CaDOF2
CaDOF5
CaDOF14
DcDOFd17
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PtrDOF13
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Fig. 4. Expression analysis of CDFs under different abiotic stress
treatments in Chlamydomonas, Physcomitrella, rice, Arabidopsis, tomato,
potato, carrot, pepper, and poplar. Heat map representation for the
expression patterns of CDF genes after cold, osmotic, salt, drought, and
heat stress treatments: expression levels under stress versus control; the
available expression data of OsDOF, AtCDF, StCDF, and PirDOF genes
were collected from BAR (http://bar.utoronto.ca/) and CrDOF, PpDOF2,
SICDF, CaDOF, and DcDOFd1-7 genes were obtained from Li et al.
(2019), Khraiwesh et al. (2015), Corrales et al. (2014), Wu et al. (2016), and
Huang et al. (2016), respectively. The heat map was performed using BAR
Heat Mapper Plus software. Bar at the bottom represents log2 FC values.

New functions of CDF TFs in the regulation
of plant growth and metabolism

Since the disclosure that ZmDOF1 activates the expression
of several genes associated with carbohydrate metabolism,
such as PEPC1-2 and PK1-2, it has been proposed as a cen-
tral regulator of carbon metabolism (Yanagisawa, 2004). The
overexpression of ZmDOF1 in Arabidopsis and rice leads to the
up-regulation of genes involved in carbon-skeleton production
and increased nitrogen assimilation, displaying a rise in amino
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acid levels, especially glutamine and glutamate (Yanagisawa,
2004). Notably, the transgenic plants showed improved growth
under low-nitrogen conditions (Yanagisawa, 2004; Kurai ef al.,
2011). Thus, DOF1 was proposed to be a key factor control-
ling the assimilation and balance of C/N metabolism in plants
(Yanagisawa, 2004, 2016). Moreover, it has been shown that
other DOF factors might also play important roles in other
physiological processes such as light responses (Yanagisawa and
Sheen, 1998; Yanagisawa, 2000; Papi et al., 2002), photosyn-
thesis (Yanagisawa, 2004; Shaw et al., 2009; Wang et al., 2018),
phytochrome signalling (Park et al., 2016), and responses to
plant hormones including auxins (De Paolis ef al., 1996; Kisu
et al., 1998) and gibberellins (GAs) (Washio, 2001; Mena ef al.,
2002; Rojas-Gracia et al., 2019).

Arabidopsis CDFs

Recent reports indicate that among the CDFs, CDF3 might
play important roles in the control of primary metabolism and
growth in Arabidopsis and tomato (Corrales et al.,2014; Fornara
et al., 2015; Corrales et al., 2017; Renau-Morata et al., 2017).
The overexpression of AtCDF3 in Arabidopsis and tomato en-
hanced biomass production and photosynthetic capacity under
both control and osmotic stress conditions (Corrales et al.,
2017; Renau-Morata et al., 2017), resulting in increased su-
crose availability and growth promotion. Consistently, CDF3
overexpressors showed higher stomatal (¢) and mesophyll (g,
conductance values, as well as higher Rubisco carboxylation
and triose utilization rates under osmotic stress, indicating
lower diffusional and biochemical limitations to photosyn-
thesis, respectively (Corrales ef al., 2017; Renau-Morata et al.,
2017). Further expression analysis of both Arabidopsis and
tomato AtCDF3-overexpressing plants revealed induced ex-
pression of key genes of primary metabolism, including PK,
GS, and glutamate decarboxylase (GAD) (Corrales et al., 2017;
Renau-Morata et al., 2017), which are correlated with higher
amounts of amino acids such as glutamine, asparagine, and
y-aminobutyric acid (GABA) and altered quantities of or-
ganic acids such as succinate and malate (Corrales ef al., 2017;
Renau-Morata ef al., 2017). Remarkably, these metabolites are
synthesized during abiotic stress conditions to act as compatible
osmolytes, in protection of membranes and ROS scavenging,
as precursors for secondary metabolites, or as storage forms of
organic nitrogen (Hoekstra et al., 2001; Rizhsky et al., 2004,
Shinozaki and Yamaguchi-Shinozaki, 2007; Nishiyama et al.,
2012; Zhu, 2016). Particularly, the levels of GABA, asparagine,
and glutamine are consistent indicators of nitrogen use effi-
ciency (Stitt and Krapp, 1999; Yanagisawa, 2004; Foyer et al.,
2006). In fact, GABA is involved in nitrogen storage through
the GABA shunt metabolic pathway that converts glutamate to
succinate, which has a great impact on the nitrogen economy
of plants (Shelp et al., 1999). Based on these observations, it
was proposed that CDF3 plays a central role in amino acid me-
tabolism during abiotic stress responses (Corrales ef al., 2017,
Renau-Morata et al., 2017). As mentioned above, CDF3-
overexpressing plants also showed higher content of sucrose
(Corrales et al.,2017). Due to the fine balance between carbon
and nitrogen metabolism, it has been hypothesized that CDF3

stimulates CO), fixation to maintain this balance (Corrales ef al.,
2017; Renau-Morata ef al.,2017). These reports indicate a key
role of CDF3 in the regulation of primary metabolism under
specific environmental stress conditions. Additional global
transcriptomic analysis using tomato AtCDF3-overexpressing
plants showed that CDF3 regulates a set of genes related to
plant growth including trehalose-6P synthase (TPS), expansins
(EXP), xyloglucan endotransglycosylase/hydrolase (XTH), cellulose
synthase (CESA), as well as phytochrome-interacting HLH tran-
scriptional factors (PIFs) (Renau-Morata et al., 2017). Notably,
this set of genes display key functions in growth promotion and
the regulatory programme that integrates internal (e.g. sucrose
and gibberellins) and environmental signals (Leivar and Monte,
2014). Besides, metabolic analyses of the CDF3-overexpressing
tomato plants showed higher levels of active gibberellins and a
subsequent increased number of fruits with larger size (Renau-
Morata et al., 2017). Higher bioactive GA levels are reported to
increase tomato fruit set and early fruit development through
cell expansion (Mariotti et al., 2011; Ariizumi et al., 2013),
which highlights the potential role of CDF3 in the regulation
of C/N metabolism, photosynthetic efficiency, and growth.

Tomato CDFs

Tomato SICDF1-5 genes exhibit different expression pat-
terns during development and among organs. Thus it was
proposed that these genes may control the expression of par-
ticular subsets of genes involved in specific metabolic processes
(Corrales et al., 2014). The overexpression of SICDF3 in to-
mato promoted a similar metabolic profile to that promoted by
its Arabidopsis orthologue, CDF3 (Renau-Morata et al.,2017).
This suggested that both factors share conserved functions in
the control of C and N assimilation and, as described above,
in stress tolerance. Besides, the SICDF3-overexpressing to-
mato plants exhibit increased photosynthetic rate and biomass
production, resulting in higher plant yield, under both con-
trol and salinity stress conditions (Renau-Morata et al., 2017).
Moreover, altered sugar and organic acid profiles in fruits that
are related to higher levels of sucrose equivalents and to other
variables associated with sweetness perception and accept-
ability were also observed (Baldwin et al., 1998; Bucheli ef al.,
1999), supporting its role in the regulation of primary metab-
olism reflected in the quality of the fruit (Renau-Morata ef al.,
2017). These results confirmed common features of CDF3
genes in plant responses to environmental stress conditions
(Fig. 5). Accordingly, the overexpression of tomato SICDF1 or
SICDF3 genes in Arabidopsis promoted higher shoot and root
growth under salinity and drought stress conditions (Corrales
et al.,2014).All these data underline the potential role of CDF3
in the regulation of the genes involved in the control of C/N
metabolism, photosynthetic efficiency, and consequently plant
growth and yield under control and stress conditions

CDF like factors in non-vascular plant species

Up to now, there are available only two functional studies
on CDF factors in non-flowering plants: the unicellular alga
C. reinhardtii and the moss P patens. As mentioned above, the
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Fig. 5. Proposed model of CDF functions in plant responses to abiotic
stresses. CDF expression is regulated by different environmental stress
conditions including salinity, drought, and extreme temperatures. CDFs
regulate CBF, DREB, and ZAT10 abiotic stress modules, which are
involved in osmotic regulation, protein folding, autophagy, and protection
of cellular structures. In addition, CDF proteins also control plant growth
through the regulation different aspects of primary C/N metabolism and
photosynthesis. CDFs control gibberellin and ABA levels, which modulate
plant growth and stress responses. CDFs are involved in the crosstalk
between abiotic stress and flowering time by controlling the GI/CO/FT
module. Positive and negative regulation are indicated by arrows and
blunted lines, respectively.

P patens genome encodes six CDF-like genes (Shigyo et al.,
2007). Among them, PpDof3 and PpDof4, exhibit diurnal ex-
pression patterns in a similar fashion to their Arabidopsis or
tomato homologues (Sugiyama et al., 2012). However, loss-of-
function mutants for both PpDof3 and PpDof4 obtained using
targeted mutagenesis by homologous recombination did not
affect diurnal expression of the three putative CO-like target
genes of P patens (Ishida et al., 2014). On the other hand, the
disruption of an alternative PpCDF gene, PpCDF1, promoted
slow growth and delay in gametophore formation as well as
reduced branching of protonemal filaments, depending on the
ratio or total amount of carbon and nitrogen nutrients avail-
able. Consequently, a role of PpDof1 in the control of nutrient-
dependent growth of filaments has been proposed (Sugiyama
et al., 2012). In a similar way, functional analyses of the unique
CrCDF gene in the chlorophyte C. reinhardtii revealed an im-
portant role in fatty acid metabolism. Indeed, the overexpression
of CrCDF in C. reinhardtii enhanced the accumulation of lipids
(Ibdfiez-Salazar et al., 2014). Therefore, the data available on
CDFs of green algae and bryophyte lineages indicate that these
factors have functions related to several aspects of plant growth
and metabolism, which explains why some of them are con-
served between vascular and non-vascular plants.

Interplay between CDFs, flowering time,
and abiotic stress responses

Altering the time of flowering is a reproductive strategy of plants
growing under environmental stress conditions. Flowering is

regulated by a complex network of pathways that respond to
endogenous and environmental stimuli (photoperiod, vernal-
ization, age, GAs, and autonomous pathways). These pathways
converge on a few floral integrator genes that activate floral
meristem identity genes promoting floral transition (Andrés
and Coupland, 2012; Bliimel, 2014). Stress-regulated flowering
is not formally recognized as a floral transition pathway per
se. However, different studies suggest that abiotic stress factors
play key roles in controlling the transition to flowering (re-
viewed by Kazan and Lyons, 2016; Park et al., 2016; Takeno,
2016). A tradeoff between stress avoidance and resource allo-
cation to growth and reproduction is crucial for plant fitness.
Emerging evidence suggests that GI is a pivotal component of
abiotic stress response and serves as a major hub that connects
abiotic stress responses, sugar and light signalling, and photo-
periodic control of flowering time (Park et al., 2016; Takeno,
2016;Jose and Banfalvi, 2019). GI affects plant tolerance to dif-
ferent abiotic stresses including drought, salinity, and low tem-
peratures (Cao et al.,2005; Han ef al., 2013; Riboni et al., 2013;
Kim et al., 2013; Fornara et al., 2015), and it can be hypothe-
sized that GI diverts resources away from stress responses and
towards flower development. Under drought stress, GI enables
a drought escape response via ABA-dependent activation of
florigen genes F1'and TWIN SISTER OF FT (TSF) (Riboni
et al., 2013). Besides, gi mutants show enhanced tolerance to
salt and low temperature stress as well as delayed flowering
(Kim et al.,2013; Fornara et al., 2015).

Abiotic stress signalling cascades appear to influence the tran-
scription of floral integrators in order to promote floral path-
ways or delay flowering. Some molecular interactions between
flowering time and abiotic stress pathways have been partially
elucidated in Arabidopsis, and it is known that GI integrates
photoperiod signalling with drought, cold, and salt stress re-
sponses (reviewed by Park et al., 2016;Takeno, 2016), involving
in some cases CDFs. It was demonstrated that GI and CDFs
display antagonistic effects in the expression of a set of genes
involved in photoperiodic modulation of flowering (Imaizumi
et al., 2005; Sawa et al., 2007; Fornara et al., 2009; Corrales
et al.,2017), as well as in a large group of oxidative stress- and
drought-responsive genes (Fornara et al., 2009; Corrales et al.,
2017).Thus, ¢gi mutants exhibit higher stability and accumula-
tion of CDF proteins, which consequently resulted in a higher
expression of stress-regulated genes and increased tolerance
to oxidative and low temperatures stress (Kurepa ef al., 1998;
Cao et al.,2005; Fornara et al.,2015). Notably, similar functions
have been described for CDFs from other plant species such
as Brassica napus (Xu and Dai, 2016), suggesting that CDFs act
as key regulators of plant stress responses as well in flowering-
time control.

The work of Corrales et al. (2017) has unveiled a role of
CDEF3 in the link between flowering time and abiotic stress.
As previously noted, CDF3 regulates the expression of genes
involved in abiotic stress responses including a set of key abi-
otic stress TFs such as CBF1-2 and -3, DREB2A, and ZAT10-
12 (Fig. 5), which are involved in both GI-dependent and
Gl-independent pathways. Interestingly, the overexpression
of these transcriptional regulators also results in late flowering
(Gilmour et al., 2004; Vogel et al., 2005; Sakuma et al., 2006;
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Achard et al., 2008). Furthermore, there is increasing evidence
indicating that in temperate legume species CDFs appear to
participate in the regulation of additional FI-like genes and
photoperiodic flowering by a CO-independent mechanism
(Putterill et al., 2013; Weller and Ortega, 2015; Zhang et al.,
2019).This suggests that in these plant species CDFs show add-
itional functions in photoperiodic regulation of flowering and
eventually in abiotic stress responses that deserve to be ex-
plored in more detail. Finally, the results of metabolite analyses
from the work of Corrales et al. (2017) in Arabidopsis and
Renau-Morata ef al. (2017) in tomato allow it to be hypothe-
sized that changes in sugar and nitrogen metabolism induced
by up-regulation of CDFs under stress may also influence
the control of flowering time (Roldan et al., 1999; Bolouri
Moghaddam and Van den Ende, 2013;Yuan ef al., 2016; Cho
et al.,2018; Wingler, 2018).

Taken together these data indicate that CDFs are involved
in the connection between flowering and abiotic stress re-
sponses through GI/CO/FT-dependent and -independent
pathways. In addition, alternative TFs up-regulated by CDFs
under abiotic stress conditions, as well as metabolic changes
induced by CDFs under environmental stress, might be part
of the signalling components regulating flowering time. The
occurrence of all these events under different environmental
stresses, as well as the integration of the diverse pathways, still
has to be clarified.

Conclusion and perspectives

Although a lot of information has been gathered about the
CDF factors, there are still many open questions about their
functions. In this review, we have provided evidence that this
group of factors appear to display more multifaceted roles than
previously expected, in agreement with their complex protein
structure during plant evolution. Nevertheless, only a few plant
CDF proteins have been functionally characterized. Members
of the CDFs family are likely to participate in the fine-tuning
of responses to the different abiotic stresses and also in various
aspects of plant development such as flowering time and root
development. By modulating a variety of TFs in their protein—
DNA and/or protein—protein interactions, the CDFTFs could
therefore act in the cross-talk of various signalling pathways
directly or indirectly linked to C and N metabolism.

It would be very interesting to analyse the molecular mech-
anisms by which CDFs orchestrate metabolic homeostasis,
plant stress responses, and plant growth and development. In
this respect, in the near future we would expect significant
advances in connecting the structure and functions of the dif-
ferent domains found in the proteins of this family of plant TFs.

Acknowledgements

This work was supported by grants from The National Institute for
Agriculture and Food Research and Technology (INIA) (RTA2015-
00014-c02-01) to JM as well as from the National Commission for
Scientific and Technological Research (CONICYT) (REDI170024
to JM) UE Prima (PCI2019-103610 to JM) and from MINECO

(BIO2017-82873 to JVC). We also want to acknowledge the ‘Severo
Ochoa Program for Centres of Excellence in R&D’ from the Agencia
Estatal de Investigacion of Spain (Grant SEV-2016-0672;2017-2021) for
supporting the scientific services used in this work.

References

Achard P, Gong F, Cheminant S, Alioua M, Hedden P, Genschik P.
2008. The cold-inducible CBF1 factor-dependent signaling pathway modu-
lates the accumulation of the growth-repressing DELLA proteins via its ef-
fect on gibberellin metabolism. The Plant Cell 20, 2117-2129.

Ahuja I, de Vos RC, Bones AM, Hall RD. 2010. Plant molecular stress
responses face climate change. Trends in Plant Science 15, 664-674.

Andrés F, Coupland G. 2012. The genetic basis of flowering responses to
seasonal cues. Nature Reviews. Genetics 13, 627-639.

Ariizumi T, Shinozaki Y, Ezura H. 2013. Genes that influence yield in to-
mato. Breeding Science 63, 3-13.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J,
Li WW, Noble WS. 2009. MEME SUITE: tools for motif discovery and
searching. Nucleic Acids Research 37, W202-W208.

Baldwin EA, Scott JW, Einstein MA, et al. 1998. Relationship between
sensory and instrumental analysis for tomato flavor. Journal of the American
Society of Horticultural Sciences 123, 906-915.

Banks JA, Nishiyama T, Hasebe M, et al. 2011. The Selaginella genome
identifies genetic changes associated with the evolution of vascular plants.
Science 332, 960-963.

Bliimel M, Dally N, Jung C. 2015. Flowering time regulation in crops—
what did we learn from Arabidopsis? Current Opinion in Biotechnology 32,
121-129.

Bolouri Moghaddam MR, Van den Ende W. 2013. Sugars, the clock and
transition to flowering. Frontiers in Plant Science 4, 22.

Bowman JL, Kohchi T, Yamato KT, et al. 2017. Insights into land plant
evolution garnered from the Marchantia polymorpha genome. Cell 171,
287-304.e15.

Bucheli P, Voirol E, de la Torre R, et al. 1999. Definition of non-volatile
markers for flavor of tomato (Lycopersicon esculentum Mill) as tools in
selection and breeding. Journal of Agriculture and Food Chemistry 47,
659-664.

Cao S, Ye M, Jiang S. 2005. Involvement of GIGANTEA gene in the regu-
lation of the cold stress response in Arabidopsis. Plant Cell Reports 24,
683-690.

Cavalar M, Moller C, Offermann S, Krohn NM, Grasser KD,
Peterhénsel C. 2003. The interaction of DOF transcription factors with nu-
cleosomes depends on the positioning of the binding site and is facilitated
by maize HMGB5. Biochemistry 42, 2149-2157.

Chen H, Ahmad M, Rim Y, Lucas WJ, Kim JY. 2013. Evolutionary and
molecular analysis of Dof transcription factors identified a conserved motif
for intercellular protein trafficking. New Phytologist 198, 1250-1260.

Cho LH, Pasriga R, Yoon J, Jeon JS, An G. 2018. Roles of sugars in
controlling flowering time. Journal of Plant Biology 61, 121-130.

Corrales AR, Carrillo L, Lasierra P, et al. 2017. Multifaceted role of cyc-
ling DOF factor 3 (CDF3) in the regulation of flowering time and abiotic stress
responses in Arabidopsis. Plant, Cell & Environment 40, 748-764.

Corrales AR, Nebauer SG, Carrillo L, et al. 2014. Characterization of
tomato cycling Dof factors reveals conserved and new functions in the con-
trol of flowering time and abiotic stress responses. Journal of Experimental
Botany 65, 995-1012.

da Silva DC, da Silveira Falavigna V, Fasoli M, Buffon V, Porto DD,
Pappas GJ Jr, Pezzotti M, Pasquali G, Revers LF. 2016. Transcriptome
analyses of the Dof-like gene family in grapevine reveal its involvement in
berry, flower and seed development. Horticulture Research 3, 16042.

De Paolis A, Sabatini S, De Pascalis L, Costantino P, Capone I. 1996.
A rolB regulatory factor belongs to a new class of single zinc finger plant
proteins. The Plant Journal 10, 215-223.

Diaz I, Martinez M, Isabel-LaMoneda |, Rubio-Somoza I, Carbonero P.
2005. The DOF protein, SAD, interacts with GAMYB in plant nuclei and ac-
tivates transcription of endosperm-specific genes during barley seed devel-
opment. The Plant Journal 42, 652-662.

020z dunr 9z uo 1asn YAdN Ad 6G€072G/€08E/€ /1 LAoBASqe-ajoile/qXl/wod dno-olwepede//:sdiy woly papeojumo(



CDFs: plant factors for extreme environmental conditions | 3813

Fornara F, de Montaigu A, Sanchez-Villarreal A, Takahashi Y,
Ver Loren van Themaat E, Huettel B, Davis SJ, Coupland G. 2015.
The GI-CDF module of Arabidopsis affects freezing tolerance and growth as
well as flowering. The Plant Journal 81, 695-706.

Fornara F, Panigrahi KC, Gissot L, Sauerbrunn N, Riihl M, Jarillo JA,
Coupland G. 2009. Arabidopsis DOF transcription factors act redundantly
to reduce CONSTANS expression and are essential for a photoperiodic
flowering response. Developmental Cell 17, 75-86.

Foyer CH, Noctor G, Verrier P. 2006. Photosynthetic carbon-nitrogen
interactions: modelling inter-pathway control and signalling. Annual Plant
Reviews 14, 325-347.

Gilmour SJ, Fowler SG, Thomashow MF. 2004. Arabidopsis transcrip-
tional activators CBF1, CBF2, and CBF3 have matching functional activities.
Plant Molecular Biology 54, 767-781.

Goralogia GS, Liu TK, Zhao L, Panipinto PM, Groover ED, Bains YS,
Imaizumi T. 2017. CYCLING DOF FACTOR 1 represses transcription
through the TOPLESS co-repressor to control photoperiodic flowering in
Arabidopsis. The Plant Journal 92, 244-262.

Guo Y, Qiu LJ. 2013. Genome-wide analysis of the Dof transcription factor
gene family reveals soybean-specific duplicable and functional characteris-
tics. PLoS ONE 8, e76809.

Han Y, Zhang X, Wang W, Wang Y, Ming F. 2013. The suppression of
WRKY44 by GIGANTEA-miR172 pathway is involved in drought response
of Arabidopsis thaliana. PLoS ONE 8, €73541.

Hernando-Amado S, Gonzalez-Calle V, Carbonero P, Barrero-
Sicilia C. 2012. The family of DOF transcription factors in Brachypodium
distachyon: phylogenetic comparison with rice and barley DOFs and ex-
pression profiling. BMC Plant Biology 12, 202.

Hoekstra FA, Golovina EA, Buitink J. 2001. Mechanisms of plant desic-
cation tolerance. Trends in Plant Science 6, 431-438.

Huang W, Huang Y, Li MY, Wang F, Xu ZS, Xiong AS. 2016. Dof tran-
scription factors in carrot: genome-wide analysis and their response to abi-
otic stress. Biotechnology Letters 38, 145-155.

Ibanez-Salazar A, Rosales-Mendoza S, Rocha-Uribe A, et al. 2014.
Over-expression of Dof-type transcription factor increases lipid production
in Chlamydomonas reinhardftii. Journal of Biotechnology 184, 27-38.

Imaizumi T, Schultz TF, Harmon FG, Ho LA, Kay SA. 2005. FKF1
F-box protein mediates cyclic degradation of a repressor of CONSTANS in
Arabidopsis. Science 309, 293-297.

Ishida T, Sugiyama T, Tabei N, Yanagisawa S. 2014. Diurnal expression
of CONSTANS-like genes is independent of the function of cycling DOF
factor (CDF)-like transcriptional repressors in Physcomitrella patens. Plant
Biotechnology 31, 293-299.

Jones DT, Taylor WR, Thornton JM. 1992. The rapid generation of mu-
tation data matrices from protein sequences. Computer Applications in the
Biosciences 8, 275-282.

Jose J, Banfalvi Z. 2019. The role of GIGANTEA in flowering and abi-
otic stress adaptation in plants. Journal of Agricultural and Environmental
Sciences 6, 7-18.

Kang HG, Singh KB. 2000. Characterization of salicylic acid-responsive,
Arabidopsis Dof domain proteins: overexpression of OBP3 leads to growth
defects. The Plant Journal 21, 329-339.

Kazan K, Lyons R. 2016. The link between flowering time and stress toler-
ance. Journal of Experimental Botany 67, 47-60.

Khraiwesh B, Qudeimat E, Thimma M, Chaiboonchoe A, Jijakli K,
Alzahmi A, Arnoux M, Salehi-Ashtiani K. 2015. Genome-wide ex-
pression analysis offers new insights into the origin and evolution of
Physcomitrella patens stress response. Scientific Reports 5, 17434.

Kim WY, Ali Z, Park HJ, et al. 2013. Release of SOS2 kinase from se-
questration with GIGANTEA determines salt tolerance in Arabidopsis.
Nature Communications 4, 1352.

Kisu Y, Ono T, Shimofurutani N, Suzuki M, Esaka M. 1998.
Characterization and expression of a new class of zinc finger protein that
binds to silencer region of ascorbate oxidase gene. Plant & Cell Physiology
39, 1054-1064.

Kloosterman B, Abelenda JA, Gomez MdelM, et al. 2013. Naturally
occurring allele diversity allows potato cultivation in northern latitudes.
Nature 495, 246-250.

Krebs J, Mueller-Roeber B, Ruzicic S. 2010. A novel bipartite nuclear
localization signal with an atypically long linker in DOF transcription factors.
Journal of Plant Physiology 167, 583-586.

Kubota A, Kita S, Ishizaki K, Nishihama R, Yamato KT, Kohchi T.
2014. Co-option of a photoperiodic growth-phase transition system during
land plant evolution. Nature Communications 5, 3668.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: mo-
lecular evolutionary genetics analysis across computing platforms. Molecular
Biology and Evolution 35, 1547-1549.

Kurai T, Wakayama M, Abiko T, Yanagisawa S, Aoki N, Ohsugi R.
2011. Introduction of the ZmDof1 gene into rice enhances carbon and ni-
trogen assimilation under low-nitrogen conditions. Plant Biotechnology
Journal 9, 826-837.

Kurepa J, Smalle J, Van Montagu M, Inzé D. 1998. Oxidative stress tol-
erance and longevity in Arabidopsis: the late-flowering mutant gigantea is
tolerant to paraquat. The Plant Journal 14, 759-764.

Kushwaha H, Gupta S, Singh VK, Rastogi S, Yadav D. 2011. Genome
wide identification of Dof transcription factor gene family in sorghum and
its comparative phylogenetic analysis with rice and Arabidopsis. Molecular
Biology Reports 38, 5037-5053.

Le Hir R, Bellini C. 2013. The plant-specific dof transcription factors family:
new players involved in vascular system development and functioning in
Arabidopsis. Frontiers in Plant Science 4, 164.

Leivar P, Monte E. 2014. PIFs: systems integrators in plant development.
The Plant Cell 26, 56-78.

Li L, Peng H, Tan S, et al. 2020. Effects of early cold stress on gene ex-
pression in Chlamydomonas reinhardtii. Genomics 112, 1128-1138.

Lijavetzky D, Carbonero P, Vicente-Carbajosa J. 2003. Genome-wide
comparative phylogenetic analysis of the rice and Arabidopsis Dof gene
families. BMC Evolutionary Biology 3, 17.

Liu Z, Karmarkar V. 2008. Groucho/Tup1 family co-repressors in plant
development. Trends in Plant Science 13, 137-144.

Liu X, Liu Z, Hao Z, Chen G, Qi K, Zhang H, Jiao H, Wu X, Zhang S,
Wu J, Wang P. 2019. Characterization of Dof family in Pyrus bretschneideri
and role of PbDof9.2 in flowering time regulation. Genomics 112, 712-720.

Lucas-Reina E, Romero-Campero FJ, Romero JM, Valverde F. 2015.
An evolutionarily conserved DOF-CONSTANS module controls plant photo-
periodic signaling. Plant Physiology 168, 561-574.

Mariotti L, Picciarelli P, Lombardi L, Ceccarelli N. 2011. Fruit-set and
early fruit growth in tomato is associated with increases in indoleacetic
acid, cytokinin, and bioactive gibberellin contents. Journal of Plant Growth
Regulators 30, 405-415.

Mena M, Cejudo FJ, Isabel-Lamoneda I, Carbonero P. 2002. A role for
the DOF transcription factor BPBF in the regulation of gibberellin-responsive
genes in barley aleurone. Plant Physiology 130, 111-119.

Moreno-Risueno MA, Martinez M, Vicente-Carbajosa J, Carbonero P.
2007. The family of DOF transcription factors: from green unicellular algae to
vascular plants. Molecular Genetics and Genomics 277, 379-390.

Nishiyama R, Le DT, Watanabe Y, Matsui A, Tanaka M, Seki M,
Yamaguchi-Shinozaki K, Shinozaki K, Tran LS. 2012. Transcriptome
analyses of a salt-tolerant cytokinin-deficient mutant reveal differential regu-
lation of salt stress response by cytokinin deficiency. PLoS ONE 7, e32124.

Noguero M, Atif RM, Ochatt S, Thompson RD. 2013. The role of the
DNA-binding One Zinc Finger (DOF) transcription factor family in plants.
Plant Science 209, 32-45.

Ohama N, Sato H, Shinozaki K, Yamaguchi-Shinozaki K. 2017.
Transcriptional regulatory network of plant heat stress response. Trends in
Plant Science 22, 53-65.

Osakabe Y, Kajita S, Osakabe K. 2011. Genetic engineering of woody
plants: current and future targets in a stressful environment. Physiologia
Plantarum 142, 105-117.

Osakabe Y, Osakabe K, Shinozaki K, Tran LS. 2014. Response of
plants to water stress. Frontiers in Plant Science 5, 86.

Papi M, Sabatini S, Altamura MM, Hennig L, Schéfer E, Costantino P,
Vittorioso P. 2002. Inactivation of the phloem-specific Dof zinc finger gene
DAG1 affects response to light and integrity of the testa of Arabidopsis
seeds. Plant Physiology 128, 411-417.

020z dunr 9z uo 1asn YAdN Ad 6G€072G/€08E/€ /1 LAoBASqe-ajoile/qXl/wod dno-olwepede//:sdiy woly papeojumo(



3814 | Renau-Morata et al.

Park DH, Somers DE, Kim YS, Choy YH, Lim HK, Soh MS, Kim HJ,
Kay SA, Nam HG. 1999. Control of circadian rhythms and photoperiodic
flowering by the Arabidopsis GIGANTEA gene. Science 285, 1579-1582.

Park HJ, Kim WY, Pardo JM, Yun DJ. 2016. Molecular interactions be-
tween flowering time and abiotic stress pathways. International Review of
Cell and Molecular Biology 327, 371-412.

Pena PA, Quach T, Sato S, Ge Z, Nersesian N, Changa T, Dweikat I,
Soundararajan M, Clemente TE. 2017. Expression of the maize Dof1
transcription factor in wheat and sorghum. Frontiers in Plant Science 8, 434.

Putterill J, Zhang L, Yeoh CC, Balcerowicz M, Jaudal M, Gasic EV.
2013. FT genes and regulation of flowering in the legume Medicago
truncatula. Functional Plant Biology 40, 1199-1207.

Renau-Morata B, Molina RV, Carrillo L, et al. 2017. Ectopic expression
of CDF3 genes in tomato enhances biomass production and yield under
salinity stress conditions. Frontiers in Plant Science 8, 660.

Rensing SA, Lang D, Zimmer AD, et al. 2008. The Physcomitrella
genome reveals evolutionary insights into the conquest of land by plants.
Science 319, 64-69.

Riboni M, Galbiati M, Tonelli C, Conti L. 2013. GIGANTEA enables
drought escape response via abscisic acid-dependent activation of the
florigens and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS. Plant
Physiology 162, 1706-1719.

Rizhsky L, Liang H, Shuman J, Shulaev V, Davletova S, Mittler R.
2004. When defense pathways collide. The response of Arabidopsis to a
combination of drought and heat stress. Plant Physiology 134, 1683-1696.

Rojas-Gracia P, Roque E, Medina M, Lépez-Martin MJ, Canas LA,
Beltran JP, Gémez-Mena C. 2019. The DOF transcription factor SIDOF10
regulates vascular tissue formation during ovary development in tomato.
Frontiers in Plant Science 10, 216.

Roldan M, Gomez-Mena C, Ruiz-Garcia L, Salinas J, Martinez-
Zapater JM. 1999. Sucrose availability on the aerial part of the plant pro-
motes morphogenesis and flowering of Arabidopsis in the dark. The Plant
Journal 20, 581-590.

Rueda-Lépez M, Crespillo R, Canovas FM, Avila C. 2008. Differential
regulation of two glutamine synthetase genes by a single Dof transcription
factor. The Plant Journal 56, 73-85.

Rueda-Lépez M, Garcia-Gutiérrez A, Canovas FM, Avila C. 2013. The
family of Dof transcription factors in pine. Trees 27, 1547-1557.

Sakuma Y, Maruyama K, Qin F, Osakabe Y, Shinozaki K, Yamaguchi-
Shinozaki K. 2006. Dual function of an Arabidopsis transcription factor
DREB2A in water-stress- and heat-stress-responsive gene expression.
Proceedings of the National Academic of Sciences, USA 103, 18822-18827.

Sawa M, Nusinow DA, Kay SA, Imaizumi T. 2007. FKF1 and GIGANTEA
complex formation is required for day-length measurement in Arabidopsis.
Science 318, 261-265.

Shaw LM, Mcintyre CL, Gresshoff PM, Xue GP. 2009. Members of the
Dof transcription factor family in Triticum aestivum are associated with light-
mediated gene regulation. Functional & Integrative Genomics 9, 485-498.

Shelp BJ, Bown AW, McLean MD. 1999. Metabolism and functions of
gamma-aminobutyric acid. Trends in Plant Science 4, 446-452.

Shigyo M, Tabei N, Yoneyama T, Yanagisawa S. 2007. Evolutionary pro-
cesses during the formation of the plant-specific Dof transcription factor
family. Plant & Cell Physiology 48, 179-185.

Shimofurutani N, Kisu Y, Suzuki M, Esaka M. 1998. Functional analyses
of the Dof domain, a zinc finger DNA-binding domain, in a pumpkin DNA-
binding protein AOBP. FEBS Letters 430, 251-256.

Shinozaki K, Yamaguchi-Shinozaki K. 2007. Gene networks involved
in drought stress response and tolerance. Journal of Experimental Botany
58, 221-227.

Shinozaki K, Yamaguchi-Shinozaki K, Seki M. 2003. Regulatory net-
work of gene expression in the drought and cold stress responses. Current
Opinion in Plant Biology 6, 410-417.

Skirycz A, Inzé D. 2010. More from less: plant growth under limited water.
Current Opinion in Biotechnology 21, 197-203.

Skirycz A, Radziejwoski A, Busch W, et al. 2008. The DOF transcription
factor OBP1 is involved in cell cycle regulation in Arabidopsis thaliana. The
Plant Journal 56, 779-792.

Stitt M, Krapp A. 1999. The molecular physiological basis for the inter-
action between elevated carbon dioxide and nutrients. Plant Cell and
Environment 22, 58.

Sugiyama T, Ishida T, Tabei N, Shigyo M, Konishi M, Yoneyama T,
Yanagisawa S. 2012. Involvement of PpDof1 transcriptional repressor in
the nutrient condition-dependent growth control of protonemal filaments in
Physcomitrella patens. Journal of Experimental Botany 63, 3185-3197.

Takeno K. 2016. Stress-induced flowering: the third category of flowering
response. Journal of Experimental Botany 67, 4925-4934.

Todaka D, Nakashima K, Shinozaki K, Yamaguchi-Shinozaki K. 2012.
Toward understanding transcriptional regulatory networks in abiotic stress
responses and tolerance in rice. Rice 5, 6.

Todaka D, Shinozaki K, Yamaguchi-Shinozaki K. 2015. Recent ad-
vances in the dissection of drought-stress regulatory networks and strat-
egies for development of drought-tolerant transgenic rice plants. Frontiers
in Plant Science 6, 84.

Umemura Y, Ishiduka T, Yamamoto R, Esaka M. 2004. The Dof do-
main, a zinc finger DNA-binding domain conserved only in higher plants,
truly functions as a Cys2/Cys2 Zn finger domain. The Plant Journal 37,
741-749.

Venkatesh J, Park SW. 2015. Genome-wide analysis and expression pro-
filing of DNA-binding with one zinc finger (Dof) transcription factor family in
potato. Plant Physiology and Biochemistry 94, 73-85.

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF.
2005. Roles of the CBF2 and ZAT12 transcription factors in configuring
the low temperature transcriptome of Arabidopsis. The Plant Journal 41,
195-211.

Wang H, Zhao S, Gao Y, Yang J. 2017. Characterization of Dof tran-
scription factors and their responses to osmotic stress in poplar (Populus
trichocarpa). PLoS ONE 12, e0170210.

Wang P, Li J, Gao X, Zhang D, Li A, Liu C. 2018. Genome-wide screening
and characterization of the Dof gene family in physic nut (Jatropha curcas
L.). International Journal of Molecular Sciences 19, E1598.

Washio K. 2001. Identification of Dof proteins with implication in the
gibberellin-regulated expression of a peptidase gene following the germin-
ation of rice grains. Biochimica et Biophysica Acta 1520, 54-62.

Washio K. 2003. Functional dissections between GAMYB and Dof tran-
scription factors suggest a role for protein-protein associations in the
gibberellin-mediated expression of the RAmy1A gene in the rice aleurone.
Plant Physiology 133, 850-863.

Wei PC, Tan F, Gao XQ, Zhang XQ, Wang GQ, Xu H, Li LJ, Chen J,
Wang XC. 2010. Overexpression of AtDOF4.7, an Arabidopsis DOF
family transcription factor, induces floral organ abscission deficiency in
Arabidopsis. Plant Physiology 1563, 1031-1045.

Wei Q, Wang W, Hu T, Hu H, Mao W, Zhu Q, Bao C. 2018. Genome-
wide characterization of Dof transcription factors in eggplant (Solanum
melongena L.). Peerd 6, e4481.

Weller JL, Ortega R. 2015. Genetic control of flowering time in legumes.
Frontiers in Plant Science 6, 207.

Wen CL, Cheng Q, Zhao L, Mao A, Yang J, Yu S, Weng Y, Xu Y. 2016.
|dentification and characterisation of Dof transcription factors in the cu-
cumber genome. Scientific Reports 6, 23072.

Wingler A. 2018. Transitioning to the next phase: The role of sugar signaling
throughout the plant life cycle. Plant Physiology 176, 1075-1084.

Wu Z, Cheng J, Cui J, Xu X, Liang G, Luo X, Chen X, Tang X, Hu K,
Qin C. 2016. Genome-wide identification and expression profile of dof tran-
scription factor gene family in pepper (Capsicum annuum L.). Frontiers in
Plant Science 7, 574.

Xiong L, Schumaker KS, Zhu JK. 2002. Cell signaling during cold,
drought, and salt stress. The Plant Cell 14 Suppl, S165-5183.

Xu J, Dai H. 2016. Brassica napus cycling Dof Factor1 (BnCDF1) is in-
volved in flowering time and freezing tolerance. Plant Growth Regulation
80, 315-322.

Yanagisawa S. 1995. A novel DNA-binding domain that may form a single
zinc finger motif. Nucleic Acids Research 23, 3403-3410.

Yanagisawa S. 2000. Dof1 and Dof2 transcription factors are associated
with expression of multiple genes involved in carbon metabolism in maize.
The Plant Journal 21, 281-288.

Yanagisawa S. 2002. The Dof family of plant transcription factors. Trends
in Plant Science 7, 555-560.

Yanagisawa S. 2004. Dof domain proteins: plant-specific transcription

factors associated with diverse phenomena unique to plants. Plant & Cell
Physiology 45, 386-391.

020z dunr 9z uo 1asn YAdN Ad 6G€072G/€08E/€ /1 LAoBASqe-ajoile/qXl/wod dno-olwepede//:sdiy woly papeojumo(



CDFs: plant factors for extreme environmental conditions | 3815

Yanagisawa S. 2016. Structure, function and evolution of the Dof tran-
scription factor family. In: Gonzalez D, ed. Plant transcription factors. New
York: Elsevier, 183-197.

Yanagisawa S, Schmidt RJ. 1999. Diversity and similarity among recogni-
tion sequences of Dof transcription factors. The Plant Journal 17, 209-214.

Yanagisawa S, Sheen J. 1998. Involvement of maize Dof zinc finger pro-
teins in tissue-specific and light-regulated gene expression. The Plant Cell
10, 75-89.

Yang X, Tuskan GA, Cheng MZ. 2006. Divergence of the Dof gene fam-
ilies in poplar, Arabidopsis, and rice suggests multiple modes of gene evo-
lution after duplication. Plant Physiology 142, 820-830.

Yuan S, Zhang ZW, Zheng C, et al. 2016. Arabidopsis cryptochrome 1
functions in nitrogen regulation of flowering. Proceedings of the National
Academy of Sciences, USA 113, 7661-7666.

Zhang B, Chen W, Foley RC, Biittner M, Singh KB. 1995. Interactions
between distinct types of DNA binding proteins enhance binding to ocs
element promoter sequences. The Plant Cell 7, 2241-2252.

Zhang F, Peng W, Yang Y, Dai W, Song J. 2019. A novel method for
identifying essential genes by fusing dynamic protein-protein interactive net-
works. Genes 10, E31.

Zhu JK. 2016. Abiotic stress signaling and responses in plants. Cell 167,
313-324.

020z dunr 9z uo 1asn YAdN Ad 6G€072G/€08E/€ /1 LAoBASqe-ajoile/qXl/wod dno-olwepede//:sdiy woly papeojumo(



