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Abstract The C2H2-type (also called TFIIIA-type) zinc
finger protein family is a major family of eukaryotic
transcription factors. C2H2-type zinc finger proteins in
plants play important roles in regulating various develop-
mental processes or responses to abiotic stresses. We
isolated a complementary deoxyribonucleic acid (cDNA)
clone, designated Solanum lycopersicum cold zinc finger
protein 1 (SlCZFP1), from tomato by analyzing the
previous microarray data of the low-temperature tran-
scriptome of tomato. SlCZFP1 encodes a novel TFIIIA-
type zinc finger protein, which contains two typical zinc
finger motifs, CX2–4 CX3FX3QALGGHX3–5H, and a
potential nuclear localization signal (NLS). The SlCZFP1–
GFP fusion protein was localized to the nucleus in a
transient expression assay. Expression of SlCZFP1 was
strongly induced by cold stress, dehydration, and salt
treatment, but not by abscisic acid (ABA). Overexpression
of SlCZFP1 in transgenic Arabidopsis and rice induced
constitutive expression of cold-regulated (COR) or cold-
responsive genes and conferred enhanced tolerance to
freezing or cold treatments for non-acclimate transgenic
plants, compared with wild-type plants. However, there was
no obvious enhancement observed in drought and salt
tolerance. Our data suggest that SlCZFP1 plays an

important role in plant responses to cold stress by
regulating cold-responsive gene expression and that
SlCZEP1 might be a useful gene for improving cold
tolerance in crop plants.
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Introduction

Cold stress is one of the major environmental factors
limiting the agricultural productivity of crop plants. Plants
vary greatly in their abilities to survive freezing temper-
atures (Sakai and Larcher 1987). At one extreme are plants
from tropical and subtropical regions including tomato and
rice, which suffer injury when exposed to chilling temper-
ature between 0 and 12°C. In sharp contrast, plants from
temperate regions are not only chilling-tolerant, but many
of them, such as Arabidopsis and wheat, can also survive
freezing after exposure to low nonfreezing temperatures, a
process known as “cold acclimation” (Guy 1990; Thomashow
1998). Understanding what accounts for the differences in
freezing tolerance between those plant species and the
molecular basis of cold acclimation is a fundamental biology
question and has the potential to provide new approaches to
improve the freezing or chilling tolerance in crop plants, an
important agronomic trait (Jaglo et al. 2001). At present, one
well-characterized pathway with a role in cold acclimation is
the CBF cold response pathway (Thomashow 2001). Key
components of the pathway include rapid cold-induced
expression of three homologous genes encoding transcrip-
tional activators, CBF1, 2 and 3 (also known as DREB1b, c
and a, respectively), followed by expression of CBF-targeted
genes, the CBF regulon, i.e., those cold-regulated (COR)
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genes that are responsive to CBF expression (Seki et al.
2001; Fowler and Thomashow 2002; Maruyama et al. 2004),
and increased freezing tolerance. In addition, recent tran-
scriptome profiling and mutagenesis studies have suggested
additional cold-responsive pathways (Xin and Browse 1998;
Fowler and Thomashow 2002; Vlachonasios et al. 2003).
However, signaling intermediates and the underlying molec-
ular mechanisms involved in these pathways remain poorly
characterized.

The C2H2-type zinc finger protein family is one of the
largest families of eukaryotic transcription factors. Plant
proteins of this family have one to four finger motif(s)
within each molecule and two-fingered proteins constitute
the major class of this family (Takatsuji 1999). They are
mostly plant-specific and contain a conserved QALGGH
sequence within their zinc finger domain. Recent studies
have revealed that C2H2 zinc finger proteins can function
as a key transcriptional regulator involved in the defense
and acclimation response of plants to different environ-
mental stress conditions (Ciftci-Yilmaza and Mittler 2008).
For example, SCOF-1, a soybean C2H2 zinc finger protein,
acts to enhance the binding efficiency of SGBF-1, a bZIP-
type transcription factor, to abscisic acid-responsive ele-
ment (ABRE) and mediates cold tolerance in transgenic
plants (Kim et al. 2001). The Arabidopsis C2H2 zinc finger
protein STZ/ZAT10 functions as a transcription repressor
under abiotic stresses; its constitutive expression leads to
enhanced tolerance to salinity, heat, and osmotic stress
associated with elevated expression of reactive oxygen
defense transcripts in transgenic Arabidopsis (Sakamoto et
al. 2004; Mittler et al. 2006). Zat12, another C2H2 protein
of Arabidopsis, plays a central role in reactive oxygen and
cold stress signaling in Arabidopsis (Rizhsky et al. 2004;
Davletova et al. 2005; Vogel et al. 2005). Expression of
ZPT2–3, a petunia C2H2 zinc finger protein, was induced
by cold and drought; transgenic petunia expressing ZPT2–3
conferred enhanced drought tolerance (Sugano et al. 2003).
Mt-ZFP1 in Medicago truncatula is implicated in cyto-
kinin, abscisic acid (ABA), and methyl jasmonate mediated
stress responses (Xu and Ma 2004). Three C2H2-type zinc
finger protein genes, ZFP245 (Huang et al. 2009), ZFP182
(Huang and Zhang 2007), and ZFP252 (Xu et al. 2008),
have been isolated from rice, and their expression was
induced by various abiotic stresses. Overexpression of
those genes in rice and tobacco resulted in enhanced
tolerance to cold, drought, and salt stress. So far, most of
the identified stress-responsive C2H2-type zinc finger
proteins in plants play important roles in drought or salt
stresses. However, only few of them confer tolerance to
cold stress in transgenic plants, especially in crop plants
(Kim et al. 2001; Huang et al. 2009).

Tomato belongs to the Solanaceae family that includes
several other economically important crops, such as potato,

pepper, and eggplant, and, as such, represents the most
valuable plant family in terms of vegetable crops. Little is
known about the mechanisms involved in responses to
cold stress in tomato. Our previous transcriptome profiling
of cold-treated tomato plants, using a complementary
deoxyribonucleic acid (cDNA) microarray representing
approximately 8,700 tomato genes, identified several
cold-responsive transcription factors (Zhang et al. 2004b).
In this study, we present isolation and functional character-
ization of one of the factors, which is a novel C2H2-type
zinc finger protein, designated Solanum lycopersicum cold
zinc finger protein 1 (SlCZFP1). We provide evidence that
SlCZFP1 plays important roles in cold stress tolerance in
plants.

Materials and Methods

Plant Materials and Experimental Treatments

Seeds of tomato (Solanum lycopersicum var. D. Huang)
were sterilized with 20% bleach solution followed by three
rinses in sterile distilled water and were germinated in
Magenta boxes containing Murashige and Skoog (MS)
medium (Life Technologies, Gaithersburg, MD) supple-
mented with 3% sucrose and solidified with 0.7% phytagar
(Life Technologies). Seedlings were grown for 3 weeks
with 16 h light/8 h dark at 26°C/20°C. The chamber was
lighted with cool-white fluorescent illumination at
100 µmol m-2 s-1. Abiotic stress treatments, including cold,
drought, NaCl and ABA, were performed as previously
described (Zhang et al. 2004b). Plants were harvested at
various time points after stress treatments and immediately
frozen in liquid nitrogen. Plant material was stored at -80°C
prior to RNA extraction.

Arabidopsis thaliana (L.) Heynh. (ecotypeWassilewskija,
Ws-2) and transgenic Arabidopsis plants in the Ws-2
background were grown in pots. The pots were placed in
controlled environment chambers at 20°C under continuous,
cool-white fluorescent illumination of 100 μmol m-2 s-1 for
2–3 weeks.

Rice (Oryza sativa L. cultivar Kita-ake) seeds and
transgenic rice plants were immersed in water for 3 days
and then grown in controlled conditions at 28°C/26°C (day/
night) with 16 h photoperiod for about 4 weeks. Four-leaf
stage seedlings were used in various stress treatments.

Constructs and Plant Transformation

The full-length cDNA of sense-SlCZFP1 was amplified from
a cDNA EST clone (accession no. AW031185) and was
inserted into the XbaI and SacI sites of PBI121 vector to
replace the GUS coding region. The resulting plasmid,
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pXIN3, which contains the SlCZFP1 coding sequence under
control of the CaMV 35S promoter, was transformed into the
Agrobacterium tumefaciens strain EHA105 by electropora-
tion. Arabidopsis plants were transformed with plasmid
pXIN3 using the floral dip method (Clough and Bent 1998).
Transformed plants were selected on the basis of kanamycin
resistance. T1 plants were selfed and homozygous T2 or T3
plants were selected and used for further study.

The plasmid pXIN3 was also introduced into tomato
(var. D. Huang) and rice (var. Kita-ake), respectively, by
Agrobacterium-mediated transformation (McCormick et al.
1986; Hiei et al. 1994). T2 or T3 transgenic plants were
used for subsequent experiments.

Subcellular Localization

The SlCZFP1 cDNA with the termination codon removed
was fused in-frame to the GFP reporter gene in the
pCAMBIA1302 vector, resulting in pSlCZFP1–GFP. Both
pSlCZFP1-–GFP and the control plasmid, which contains
the GEP reporter only, were introduced into onion (Allium
cepa) epidermis cells by particle bombardment according to
the protocol described (Varagona et al. 1992). The trans-
formed cells were cultured on MS medium at 25°C for
2 days (16 h light and 8 h dark) and examined under a Zeiss
LSM510 confocal laser microscope.

DNA and RNA Hybridization

Tomato genomic DNAwas isolated from mature leaves using
the Wizard Genomic DNA Purification kit (Promega, Madi-
son, WI, USA). Southern blotting was performed using 10 μg
of genomic DNA digested with restriction enzymes, which
was transferred to nylon membrane. Total RNA was isolated
fromArabidopsis (Gilmour et al. 2000), tomato and rice leaves
as described (Howe et al. 1996). Northern transfers (10 μg
total RNA) were prepared, hybridized, and washed as
described (Stockinger et al. 1997). The probe for tomato
SlCZFP1 transcripts was the full-length cDNA insert from
EST AW031185. Full-length cDNAs of Arabidopsis CBF1,
2, 3 and COR genes were labeled with 32P with the random
primers DNA labeling system (Life Technologies/Gibco-
BRL, Cleveland) following the manufacturer instruction.

Semi-quantitative RT-PCR Analysis

Total RNA was extracted from seedlings of wild-type (WT)
and transgenic rice lines as described previously. First strand
cDNAwas synthesized with 2 μg of purified total RNA using
PrimeScritpt™ reverse transcriptase (RT, Takara Bio, Shiga,
Japan). Oligo (dT) was used as a primer and the RT reaction
was incubated at 42°C for 1 h in a total volume of 25 μl. The
reaction included an initial 5 min of denaturation at 94°C,

followed by 40 s at 94°C, 40 s at 58°C, and 40 s at 72°C with
30 cycles, and a final 10-min extension at 72°C. The Actin
gene was used as an internal control with the same polymerase
chain reaction (PCR) conditions, except that the reaction was
reduced to 28 cycles. Primer sequences used for the RT-PCR
experiments are listed in Table 1. The expression analysis for
each gene was repeated three times.

Phylogenetic Analysis

The Clustal W. Pole BioInformatique Lyonnasis (PBIL)
program (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?
page=npsa_clustalw.html) was used to perform multiple
sequence alignments. A phylogenetic tree was constructed
with the aligned plant two-fingered C2H2-type zinc finger
proteins using MEGA software version 4.0 via the
neighbor-joining method (Tamura et al. 2007).

Analysis of Abiotic Stress Tolerance in Transgenic Rice
Plants

The T2 or T3 of transgenic rice lines carrying SlCZFP1 were
used in the stress assays. To evaluate their tolerance to cold
stress, transgenic and WT seedlings at the four-leaf stage
were incubated at 4°C for 6 days, and then moved to 26°C
for recovery for another 6 days. For drought treatment,
seedlings were grown in water until the four-leaf stage,
followed by a 14-day-long withholding of water. The plants
were then rewatered and allowed for a 7-day recovery. For
salt treatment, rice plants were grown in ½ MS medium for
4 weeks and then transferred to the solution containing
250 mM NaCl for 4 days. These plants were then transferred
to the normal growth condition for 12 days. The survival rate
for all the three treatments was calculated as percentage of
surviving plants over total plants treated.

Whole-plant Freeze Tests for Arabidopsis Transgenic Plants

Arabidopsis plants were grown on plates as described
previously (Gilmour et al. 2000). Non-acclimated plants
(13 days) were placed at -2°C in the dark for 3 h after
which freezing of the plates was nucleated with ice chips.
Then, the plants were incubated at -2°C for 21 h followed
by incubation at -6°C for 24 h. The temperature was then
changed to 4°C for 24 h. The plants were allowed to
recover at 24°C for 48 h in continuous light and then scored
for survival. A t-test was used in the statistic analysis. Three
independent experiments were conducted.

Fluorescence Measurement

Four-week-old wild-type and transgenic rice plants were
incubated at 4°C with 16 h light of 100 µmol m-2 s-1 for

Plant Mol Biol Rep (2011) 29:185–196 187

http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html


various time intervals. Chlorophyll fluorescence of whole
leaves of chilling-treated plants was measured with a
fluorescence monitoring system (Hansatech Instruments,
Norfolk, UK). The intact leaf was fixed with tape (clip) to
light fiber and kept in the dark for at least 15 min before
measurements. The fluorescence were calculated as maxi-
mum quantum yield of PSII=Fv/Fm, representing the
activity of photosystem II (PS II), which was used to assess
functional damage to the plants (Genty et al. 1989). Three
measurements were conducted on the fourth leaf of a plant
and averaged. Five plants were measured for each trans-
genic event.

Results

Isolation and Sequence Analysis of SlCZFP1

We previously performed expression profiling using a
tomato cDNA microarray chips containing ∼8,700 tomato

Gene name Primer sequence Accession numbera

OsWCOR413-like F 5′GAGGTGGAGGAGGCTAG 3′ AF283006
R 5′GGGGATAATCACATAAGAG3′

OsGOLS3 F 5′ACTGGAAGGGCGTCGTG 3′ AK107065
R 5′TTGGGGATGGGCTTGTAC 3′

OsUSP1 F 5′CTCCATCTCGCCACATTCG 3′ AK063881
R 5′GCCACTACGGTAAGCTCCAA 3′

OsCOR410 F 5′AGAAGAAGGGGCTCAAGGAGAAG 3′ NM_001054224
R 5′CCATGATCTTGCCCAGTATACCC 3′

OsDhn1 F 5′AGCTCAAACAAGTCAAGAGC 3′ AY786415
R 5′AAGCACCAAACTAACACACG 3′

Os14-3-3 F 5′CGATGGTATCCTGAAGTTGCTTG 3′ U65957
R 5′CTTGGAGGCTTCTTTCACCTCAT 3′

OsLEA14-2 F 5′ATGGACAAGGCGAAAGGG 3′ AK061818
R 5′GATCGGAGTTGGTTGATGAGA 3′

OsMAT2 F 5′ GGAGTCTGTGAACGAGGGC 3′ AK103157
R 5′GACACCGATGGCGTATGAT 3′

OsLip5 F 5′GGAAGACGAGCACAAGAAGG 3′ AB011368
R 5′TGCATCACGTATTGCACAGA 3′

OsLip9(Dip1) F 5′ AGAAGGGCTTCCTCGACAAGAT 3′ AY587109
R 5′TACCCCACACGAAACACAAACTT 3′

OsLEA4 F 5′TCGAGCAAAATCCATCAGAGTTC3′ AK119713
R 5′ATGGCAGAGTCCTTGGTGTACTG 3′

OsLit6a F 5′AGCTGGGAACAAGCAGAAGA 3′ AY607689
R 5′AAGGTACCCCGGAAGAACAG 3′

OsLit6b F 5′AATACTGCGAGAGAAATTAATCA 3′ AY607690
R 5′ TAAGAGGGGAGCTTATTCACAC 3′

OsRD22 F 5′CTAGGTCTCTCGCTGCTCTCCT 3′ NM_001061473
R 5′GCGCAGTAGTGCTTGTGCTTG 3′

OsP5CS F 5′TGGATGTCTCGTCATCTCAACT 3′ D49714
R 5′AAGCCAAGACAGCAGCCTTCAC 3′

Actin F 5′ TGGAACTGGTATGGTCAAGGC 3′ D87740
R 5′ AGTCTCATGGATACCCGCAG 3′

Table 1 Information about rice
stress-responsive genes and re-
spective primers for RT-PCR
used in this work

a GenBank accession numbers for
full-length cDNA sequences of
corresponding genes.

Fig. 1 Amino acid sequence comparison and phylogenetic analysis
of SlCZFP1 with those of the related plant C2H2-type zinc finger
proteins. a Alignment of the amino acid sequence of tomato
(Solanum lycopersicum) SlCZFP1 with zinc finger proteins from
petunia ZPT2-3 (D26086), soybean SCOF-1 (Glycine max, U68763),
pepper CAZFP1 (Capsicum annuum L., AAP41717), Arabidopsis
thaliana STZ/ZAT10 (X95573). The two zinc finger motifs, the
putative NLS, L-Box and DLN-Box are boxed-in. The gaps
introduced to maximize alignment are indicated by dashes. Identical
and conserved amino acids are displayed in black and gray
backgrounds, respectively. b Phylogenic relationship between
SlCZFP1 and its related zinc finger proteins. In addition to the
members cited in Fig. 1a, the following protein sequences were
incorporated into the analysis: petunia ZPT2-2 (D26084); Arabidop-
sis thaliana AZF1 (AB030731), AZF2 (AB030730), AZF3
(AB030732), ZAT7 (X98676), ZAT12 (X98674); salt cress ThZFP1
(Thellungiella halophila, ABI74621); alfalfa Mszpt2-1 (Medicago
sativa, Y18788); MtZFP1(Medicago truncatula, AAP81810); tobac-
co NtZFT1 (Nicotiana tabacum, ABI86899), tobacco NtZFP1
(T01985); turnip BrZFP1 (Brassica rapa, T14409); durango root
DgZFP1 (Datisca glomeratarice, AF119050); rice ZFP182 (Oryza
sativa, AAP42461), rice ZFP245 (AAQ95583), rice ZFP252
(AAO46041); wheat WZF1 (Triticum aestivum, D16416); pea Pszf1
(Pisum sativum, CAA60828)

�
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genes (Tom1 cDNA array http://bti.cornell.edu/CGEP/
CGEP.html) with low-temperature-treated tomato seedlings.
We identified several transcription factors which showed
2.5-fold or more induction upon cold treatment (unpub-
lished data). In this study, we chose the one with strong
induction for further functional analysis. The corresponding
expressed sequence tag (EST; accession no. AW031185)
was obtained and the complete DNA sequence of the insert
was determined (accession no. HM061128). The deduced
amino acid sequence has sequence similarity with the
C2H2-type zinc finger proteins. The protein is 260 amino
acids long and contains two C2H2-type zinc finger motifs,
CX2–4 CX3FX3QALGGHX3–5H, separated by 40 amino
acids (Fig. 1a). We named this gene as SlCZFP1 for
Solanum lycopersicum cold zinc finger protein 1. SlCZFP1
has a putative nuclear localization signal (NLS), with a
consensus sequence, KXKRSKRXR, and a Leu-rich region
(L-box) (Fig. 1a). Comparisons of the amino acid sequen-
ces between SlCZFP1 and some previously reported two
zinc finger proteins of other plants are presented in Fig. 1.
SlCZFP1 shares a high degree of similarity to pepper

CAZFP1 (87.7%) and petunia ZPT2-3 (84.7%). To inves-
tigate the evolutionary relationship among plant C2H2 zinc
finger proteins involved in stress responses, a phylogenetic
tree was constructed with the full-length amino acid
sequences (Fig. 1b). The result revealed that SlCZFP1 is
more similar to tobacco NtZFT1, pepper CAZFP1, petunia
ZPT2-3 than to other plant C2H2 zinc finger proteins.

To determine whether SlCZFP1 represents a single locus
in the Solanum lycopersicum genome or whether it is a
member of a multigene family, a Southern blot analysis was
performed using the SlCZFP1 cDNA as a probe. The
results consistently showed presence of one major band,
regardless of three restriction enzymes used (Fig. 2),
indicating that SlCZFP1 is a single copy gene in the
genome of tomato.

The Cellular Localization of SlCZFP1

The deduced SlCZFP1 protein contains a stretch of basic
residues KGKRSKR, which may function as a potential
NLS. To examine if SlCZFP1 is indeed targeted to the
nucleus, we performed an in vivo targeting experiment
using green fluorescent protein (GFP) as a marker. We
generated the SlCZFP1–GFP fusion using the pCAM-
BIA1302 vector. Both the SlCZFP1–GFP fusion vector
and the control vector containing the GFP reporter alone
were introduced into onion epidermis cells by particle
bombardment. As shown in Fig. 3, the fusion protein
SlCZFP1::GFP was localized to the nucleus of onion
epidermal cells, whereas GFP itself was targeted to both
nucleus and cytoplasm, confirming that SlCZFP1 is a
nucleus-localized transcription factor.

Expression of the SlCZFP1 under Various Stress
Conditions or Hormone Treatments

SlCZFP1 was highly induced by cold treatment in our
microarray experiments. We further performed Northern

MW B    E   X

2.0
2.3

4.4

6.6

9.4

23

Fig. 2 Southern blot analysis of
SlCZFP1. The genomic DNA
was digested with BamHI (B),
EcoRI (E), or XbaI (X) and
hybridized using SlCZFP1 as a
probe. Lambda phage DNA was
digested with HindIII and served
as the molecular marker. Arrow
indicates the hybridized band

Fig. 3 Nuclear localization of the SlCZFP1 protein. Constructs carrying 35S–GFP (upper panel) or 35S–SlCZFP1–GFP (lower panel) was
introduced into onion epidermal cells. Transformed cells were observed by fluorescence microscopy (left), optical (middle), and merged (right)
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blot analysis to determine the time course of its induction.
As shown in Fig. 4a, transcription of SlCZFP1 was induced
by a 4°C treatment and peaked at 2 h. The induction
remained high till 24 h and dropped to almost the
background level at 168 h. In contrast, expression of the
LeCBF1 gene (Zhang et al. 2004b) peaked at 2 h and then
decreased dramatically at 24 h after cold treatment
(Fig. 4a). It is interesting to notice that induction of
SlCZFP1 transcription by cold was higher and stayed
longer than that of LeCBF1.

Next, we investigated if SlCZFP1 also responds to other
stresses, such as salt, drought, and ABA. As shown in
Fig. 4b, under drought treatment, the expression level
peaked at 1 h and dramatically decreased at 4 h after
drought treatment. The induction dropped to almost the
background level at 8 h. When treated with 250 mM NaCl,
SlCZFP1 transcripts were detected at 2 h and reached a
peak at 8 h, but the induction disappeared at 16 h. In
contrast, there was no induction of SlCZFP1 transcription
detected in seedlings treated with ABA, as seen in the
control (Fig. 4b). These results suggested that expression of
SlCZFP1 in response to cold, drought, and salt may be
mainly induced via an ABA-independent pathway.

Enhanced Cold Tolerance in Transgenic SlCZFP1 Plants

To understand function of SlCZFP1 in plants under stress
conditions, we generated transgenic plants in tomato,
Arabidopsis and rice overexpressing SlCZFP1 under
control of the CaMV 35S promoter. We had low transfor-
mation efficiency in tomato and finally were able to
produce only six PCR-positive events. However, we were
not able to detect significant expression of SlCZFP1 in any
of the six transgenic plants by RNA gel-blot analysis (data
not shown). Therefore, we performed functional analysis
only in Arabidopsis and rice.

A total of ten independent transgenic Arabidopsis plants
were obtained. An RNA gel-blot analysis showed that
SlCZFP1 was over-expressed in five of them (Fig. 5a). We
selfed the three plants (nos. 2, 4 and 10 in Fig. 5a), which
had the highest level of expression, to generate T2
homozygous plants. Apparently, no difference was seen in
overall growth and morphology between transgenic and
wild-type plants (Fig. 5b). Those three lines were tested for
their capacity to tolerate a freezing temperature. We
performed a Petri dish whole plant freeze assay with T3
seedlings. In this assay, non-acclimated wild-type and

ABA                         Control
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SlCZFP1

1   2   4 8 16 24 (h)

Drought

rRNA

SlCZFP1
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SlCZFP1
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0 2  24 168
a

b

rRNA

                     
  

                     
  

  

Nacl

  1   2   4 8 16 24    

(h)1   2 4 8 16 241   2 4 8 16 24

Time (h) at 4 C

Fig. 4 Accumulation of SlCZFP1 transcripts in response to abiotic
stresses. Tomato seedlings were grown at 26°C and subjected to a
variety of abiotic stresses. RNA gel blots were prepared from total
RNA and hybridized with gene probe for SlCZFP1. rRNA served as a
control for RNA loading. a RNA was isolated from plants grown in a
16 h photoperiod (16:8) then treated at 4°C for the time points
indicated. The LeCBF1 gene served as a positive control for cold

treatments. b Plants were grown in a 16 h photoperiod. For drought,
NaCl and ABA treatments, the plants were placed on dry filter paper
or transferred to filter paper saturated with MS solution supplemented
with 250 mM NaCl or 100 µM ABA, respectively, for various
durations as indicated. For the control samples, the plants were
transferred to filter paper saturated with MS solution and incubated in
parallel with the experimental samples
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SlCZFP1 transgenic plants were frozen at -6°C in dark for
24 h, followed by 2 days recovery at 22°C. As shown in
Fig. 6a, most of the SlCZFP1 transgenic plants survived the
shock, whereas nearly all the wild-type plants were killed
or severely damaged. The survival rate in transgenic plants
was 70.0%, which is significantly higher than the rate of
21.1% in wild-type (t-test, P<0.01, see Fig. 6b). Thus,
overexpression of SlCZFP1 can enhance the tolerance of
transgenic plants to freezing stress.

We performed RNA gel-blot analysis with 18 transgenic
rice plants selected based on PCR genotyping. Four of them
(nos. 1, 8, 14, and 16) had the highest SlCZFP1 expression
(Fig. 7a). The event 16 failed to produce seeds. We were
able to get enough seeds for the other three events. Those
plants looked morphologically similar to wild-type plants
(Fig. 7b). To investigate the effect of SlCZFP1 over-
expression on cold tolerance, T2 transgenic and wild-type
seedlings at four-leaf stage were moved to a growth
chamber set at 4°C with illumination of 16 h light/8 h dark
for 6 days. During the cold treatment, there was no obvious
phenotypic difference between transgenic plants and the

wild type. When the cold-stressed plants were transferred
back to normal growth conditions, however, the transgenic
plants showed much less damage than WT (Fig. 7b, c).
After 6 days of recovery, survival rate was 24.2% for the
WT and 64.2–83.2% for transgenic lines (Fig. 7d). Similar
result (improved tolerance to low-temperature stress) was
obtained by using homozygous T3 transgenic plants (data
not shown). These results suggested that overexpression of
SlCZFP1 could enhance tolerance of transgenic plants to
cold stress. We also tested tolerance of SlCZFP1 transgenic
plants to drought and salt but did not see any enhancement
by the SlCZFP1 expression (data not shown).

The increased cold tolerance of the 35S::SlCZFP1 plants
was further confirmed by measuring changes in chlorophyll
fluorescence. The ratio of Fv to Fm was used to estimate
the quantum yield of PSII (Genty et al. 1989). The PS II
stability reflects the level of cellular damage after chilling
treatments. As shown in Fig. 7e, at warm condition (26°C),
the SlCZFP1-overexpressing plants exhibited values of
Fv/Fm comparable to that of the WT, indicating that the
SlCZFP1expression did not affect the PS II efficiency.
During chilling stress (4°C), both transgenic and WT plants
had a slight decrease Fv/Fm at 2 days. At the end of 6-day
chilling stress, the Fv/Fm in wild-type plants reduced to
0.522±0.049, whereas the Fv/Fm values for the over-

WT     21    3    4      5   6 7     8    9   10

SlCZFP1

rRNA

35S::SlCZFP1

WT  2               4                10

35S::SlCZFP1b

          

a
          

                                                

Fig. 5 Molecular characterization and phenotypes of SlCZFP1
transgenic Arabidopsis plants. a Expression of independent transgenic
plant lines of Arabidopsis by RNA gel-blot analysis. Each lane was
loaded with 10 μg total RNA isolated from 3-week-old seedlings of
transgenic Arabidopsis. The RNA blot was hybridized with a 32P-
labeled SlCZFP1 cDNA probe. Ethidium bromide-stained rRNA was
used as a RNA-loading control. b The phenotypes of the T2
generation of independent lines of overexpressed SlCZFP1 transgenic
Arabidopsis. Wild-type and SlCZFP1 overexpressed lines after
3 weeks growth at 22°C
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Fig. 6 Freezing tolerance of SlCZFP1 transgenic Arabidopsis plants.
a Non-acclimated SlCZFP1 transgenic plants (35S::SlCZFP1, right)
and wild-type (WT, left) plants were frozen at -6°C using the protocol
described under experimental procedures. The photograph was taken
2 days after the return to original growth conditions. b Table of results
of multiple freeze tests including the percentage of plants scored as
surviving (% survival), r/n=number of replicates of freeze test (r)/
number of plants examined (n), and the P-value from a t-test
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expressors 1, 8, and 14 were between 0.643±0.013 and
0.736±0.025. In addition, it was found that the recovery of
Fv/Fm in transgenic plants was also quick. In contrast, there
was no recovery in WT (Fig. 7e). This suggested that
photoinhibition of PS II during chilling stress was allevi-
ated in transgenic plants and the PS II reaction center was
less damaged compared with similarly treated WT plants.

Overexpression of SlCZFP1 Induced Expression of COR
or Stress-responsive Genes

In response to dehydration stress, such as cold and drought,
a set of COR genes were induced in wild-type Arabidopsis
plants (Seki et al. 2001). It has been shown previously that
overexpression of CBF1/DREB1b (Jaglo-Ottosen et al.
1998) or CBF3/DREB1a (Kasuga et al. 1999; Gilmour et
al. 2000; Seki et al. 2001) is sufficient to induce expression
of the downstream CRT/DRE element-containing COR
target genes. To investigate whether the SlCZFP1 transcrip-
tion factor could also activate the COR genes, expression
levels for COR6.6, COR15a, and COR47 known as
downstream target genes of CBF/DREB1 proteins were

analyzed and shown in Fig. 8a. Constitutive expression of
the SlCZFP1 gene resulted in activation of COR6.6,
COR15a, and COR47, in absence of a low-temperature
stimulus. Moreover, the expression level of the SlCZFP1 in
individual transgenic Arabidopsis lines correlated well with
the concomitant trans-activation of COR genes (Fig. 8a).
However, the transcription levels of Arabidopsis CBF1, 2, 3
and COR78, did not show any changes in SlCZFP1-
overexpressing transgenic lines under normal conditions,
as compared with the WT (Fig. 8a), indicating that CBFs
and COR78 are not the downstream genes of SlCZFP1.

To further understand the mechanisms of chilling
tolerance conferred by overexpressing SlCZFP1, we ana-
lyzed expression of 15 known stress-responsive or rice
homologs of CBF/DREB target genes (Dubouzet et al.
2003) (Table 1) under normal conditions in SlCZFP1-
overexpressing lines by RT-PCR analysis. As shown in
Fig. 8b, the expression levels of OsUSP1 (AK063881),
OsWCOR413 - l ike (AF283006) , and OsGOLS3
(AK107065) were increased in SlCZFP1 transgenic rice
plants compared with the levels in wild-type rice. There
was no significant difference in the expression levels of
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recovery at 26°C. Fv/Fm values were measured at various time points
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other tested stress-responsive genes between SlCZFP1
transgenic lines and WT plants (Fig. 8c). These results
suggest that SlCZFP1 may be one of upstream regulators of
these genes and act as a master switch in cold stress
tolerance and was involved in the complicated network
controlling expression of cold-responsive genes.

Discussion

Low temperature is a major abiotic factor that limits crop
productivity in many areas around the world. A number of

studies have demonstrated that overexpression of cold-
induced genes can confer cold tolerance to transgenic plants
(Puhakainen et al. 2004; Zhang et al. 2004a). In this report,
we have cloned and characterized SlCZFP1, a novel cold-
inducible gene in tomato. SlCZFP1 encodes a C2H2-type
zinc finger protein, which is localized in the nucleus
(Fig. 3). In addition, we showed that the expression of
SlCZFP1 could be induced by cold, salt, and drought, but
not by exogenously applied ABA (Fig. 4).

Notably, expression-pattern analysis shows that the
activation pattern of SlCZFP1 under cold stress differs
from that of LeCBF1 (Zhang et al. 2004b). SlCZFP1
transcript accumulated rapidly upon exposure to low
temperature reaching a peak level at about 2 h of cold
treatment, remained elevated at a constant level for 24 h,
and then decreased at 7 days, but remained elevated over
the level found in the warm grown plants. In contrast, the
transcript level of LeCBF1 increased rapidly to a high
level (not as high as that of SlCZFP1) at 2 h, then
declined, and returned to levels found in warm grown
plants after about 7 days of cold treatment (Fig. 4a).
Compared with the case of LeCBF1, the induction of
SlCZFP1 occurred more strongly and was more pro-
longed. In addition, SlCZFP1 is induced by drought and
salt stress (Fig. 4b), which is dissimilar to LeCBF1 that
was induced only by cold stress (Zhang et al. 2004b). The
expression pattern of SlCZFP1 is of prime interest because
it suggests that SlCZFP1 may represent a novel cold-
regulated transcription factor from tomato which may
control the expression of a distinct set of downstream
genes other than CBF-regulated regulons.

To understand the function of SlCZFP1 under abiotic stress
conditions, we generated several lines of transgenic tomato
plants overexpressing SlCZFP1 under the control of the
constitutive CaMV 35S promoter. Unfortunately, for un-
known reasons, the expression of transgenes was not elevated
in all transgenic tomato plants (data not shown). We showed
that constitutive expression of SlCZFP1 gene in Arabidopsis
and rice plants conferred enhanced freezing or chilling
tolerance compared with wild-type plants (Figs. 6 and 7),
but not salt and drought tolerance (data not shown). There
were no significant changes in morphology between
SlCZFP1-ox plants and WT plants (Figs. 5b and 7b). Further
determination of photosynthetic efficiency revealed that the
Fv/Fm ratio was less affected by low-temperature treatment
in transgenic rice plants (Fig. 7e). These results confirmed
that SlCZFP1 plays a role in low-temperature stress response.

Our molecular analysis revealed that the expression of
some COR genes, such as COR6.6, COR15a and COR47,
was affected by altered expression of SlCZFP1 in trans-
genic Arabidopsis plants (Fig. 8a). It is interesting to note
that soybean SCOF-1 protein is one of the homologues of
SlCZFP1 and its overexpression in Arabidopsis also
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Fig. 8 Overexpression of SlCZFP1 in Arabidopsis and rice modu-
lates the expression of COR or stress-responsive genes. a Northern
analysis of Arabidopsis COR genes and CBF1, 2, 3 in SlCZFP1
transgenic and wild-type Arabidopsis plants. Leaves from non-
acclimated wild-type plant and the T2 progenies of five individual
lines of transgenic plants were harvested. The total RNA (10 μg) was
analyzed for SlCZFP1, COR and AtCBFs gene transcription by RNA
blots analysis with 32P-labeled cDNA probes, respectively. b and c
RT-PCR analysis of 15 stress-responsive genes in SlCZFP1 trans-
genic rice plants. Total RNAs from 2-week-old seedlings of both
wild-type and SlCZFP1 transgenic rice were isolated and reverse-
transcribed. Transcript levels of 15 stress-responsive genes were
determined by RT-PCR using gene primer pairs of the corresponding
genes (Table 1). Actin was used as an internal control. WT: wild
type; 1, 8, and 14: SlCZFP1-overexpressing lines. The experiments
were repeated three times. The results shown were representative of
the three replicates. b Expression of OsWCOR413, OsGOLS3, and
OsUSP1 in WT and SlCZFP1 transgenic rice plants under normal
condition. c Transcript levels of other tested stress-responsive genes
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induced the expression of some COR genes, resulting in
enhanced cold tolerance (Kim et al. 2001). This suggested
that SCOF-1, SlCZFP1, and some COR genes may function
in a common signaling pathway.

Previously, we found that SlCZFP1 was not responsive
to overexpression of LeCBF1 in tomato plants, suggesting
that SlCZFP1 is not a target gene of LeCBF1 (Zhang
2004b). In this study, we found that AtCBF1, 2, 3 were not
response to SlCZFP1 (Fig. 8a), suggesting that CBFs are
not the downstream genes of SlCZFP1 either. These results
suggest that SlCZFP1 and LeCBF1 may act in separate
parallel pathways to regulate cold acclimation (Fowler and
Thomashow 2002; Zhu et al. 2004). Notably, we observed
that overexpression of SlCZFP1 also resulted in enhanced
expression of some stress-responsive genes including
OsGOLS3, OsUSP1, and OsWCOR413 like in SlCZFP1-
ox transgenic rice plants (Fig. 8b). This suggested that these
three stress-inducible genes may function in SlCZFP1-
mediated cold signaling pathway. The expression of these
genes is induced by external stimuli and plays important
roles in plant response to abiotic stresses (Sauter et al.
2002; Taji et al. 2002; Breton et al. 2003; Reyes et al.
2003). For example, Cor413 gene encode transmembrane
protein and act to stabilize plasma membrane as well as
perceive external signals (Breton et al. 2003; Reyes et al.
2003;). Galactinol synthase (GolS) is a key enzyme in the
synthesis of raffinose family oligosaccharides that function
as osmoprotectants in plant cells (Taji et al. 2002) and
AtGolS3 is a DREB target gene that is induced only by cold
stress (Gilmour et al. 2000; Taji et al. 2002). OsUSP1, a
USP family protein, has been identified to be regulated by
ethylene and may play a role in the adaptation of rice to
submergence stress (Sauter et al. 2002). These data
suggested that the induction of OsGOLS3, OsWCOR413,
and OsUSP1 in the transgenic rice by SlCZFP1 may
contribute to enhanced tolerance to cold stress. However,
no significant changes were observed for the expression of
some other cold-responsive genes (Fig. 8c) such as OsLti6b
(Kim et al., 2007), 14-3-3-like protein (Jarillo et al. 1994),
lip5 and lip9 (Aguan et al. 1991), OsDhn1 (Close 1997),
and OsP5CS (Igarashi et al. 1997), suggesting that these
genes might function in a different cold signaling pathway.

In conclusion, this study has identified a novel TFIIIA
transcription factor gene SlCZFP1 that can be induced by
various abiotic stresses. The enhanced freezing or chilling
stress tolerance of the SlCZFP1-overexpressing Arabidop-
sis and rice suggest a promising utility of this gene in
genetic improvement of cold tolerance in economically
important crops.

Acknowledgements We thank Dr. Mike Thomashow for the COR
genes cDNAs and AtCBF1, 2, 3 cDNAs.We are grateful to Dr. Chuanyin
Wu and Dr. Haiyang Wang for the critical reading of this manuscript.
Research was supported by grants from the National Natural Science

Foundation of China (no. 30570995), a project (no. 2008ZX08003-004)
from the Ministry of Agriculture of China for transgenic research and the
National “863” High-Tech Project (2006AA100101).

References

Aguan K, Sugawara K, Suzuki N, Kusano T (1991) Isolation of genes
for low-temperature-induced proteins in rice by a simple
subtractive method. Plant Cell Physiol 32:1285–1289

Breton G, Danyluk J, Charron JF, Sarhan F (2003) Expression
profiling and bioinformatic analysis of a novel stress-regulated
multispanning transmembrane protein family from cereals and
Arabidopsis. Plant Physiol 132:64–74

Ciftci-Yilmaza S, Mittler R (2008) The zinc finger network of plants.
Cell Mol Life Sci 65:1150–1160

Close TJ (1997) Dehydrins: a commonality in the response of plants
to dehydration and low temperature. Physiol Plant 100:291–296

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16:735–743

Davletova S, Schlauch K, Coutu J, Mittler R (2005) The zinc-finger
protein Zat12 plays a central role in reactive oxygen and abiotic
stress signaling in Arabidopsis. Plant Physiol 139:847–856

Dubouzet JG, Sakuma Y, Ito Yet al (2003) OsDREB genes in rice,Oryza
sativa L., encode transcription activators that function in drought-,
high-salt- and cold-responsive gene expression. Plant J 33:751–763

Fowler S, Thomashow MF (2002) Arabidopsis transcriptome profiling
indicates that multiple regulatory pathways are activated during
cold acclimation in addition to the CBF cold response pathway.
Plant Cell 14:1675–1690

Genty B, Briantais JM, Baker NR (1989) The relationship between the
quantum yield of photosynthetic electron transport and quenching
of chlorophyll fluorescence. Biochim Biophys Acta 990:87–92

Gilmour SJ, Sebolt AM, Salazar MP, Everard JD, Thomashow MF
(2000) Overexpression of the Arabidopsis CBF3 transcriptional
activator mimics multiple biochemical changes associated with
cold acclimation. Plant Physiol 124:1854–1865

Guy CL (1990) Cold acclimation and freezing stress tolerance: role of
protein metabolism. Annu Rev Plant Physiol 41:187–223

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transformation
of rice (Oryza sativa L.) mediated by Agrobacterium and sequence
analysis of the boundaries of the T-DNA. Plant J 6:271–282

Howe GA, Lightner J, Browse J, Ryan CA (1996) An octadecanoid
pathway mutant (JL5) of tomato is compromised in signaling for
defense against insect attack. Plant Cell 8:2067–2077

Huang J, Zhang H (2007) The plant TFIIIA-type zinc finger proteins
and their roles in abiotic stress tolerance. Yi Chuan 29:915–922

Huang J, Sun SJ, Xu DQ, Yang X, Bao YM, Wang ZF, Tang HJ,
Zhang H (2009) Increased tolerance of rice to cold, drought and
oxidative stresses mediated by the overexpression of a gene that
encodes the zinc finger protein ZFP245. Biochem Biophys Res
Commun 389:556–561

Igarashi Y, Yoshiba Y, Sanada Y, Yamaguchi-Shinozaki K, Wada K,
Shinozak K (1997) Characterization of the gene for delta1-
pyrroline-5-carboxylate synthetase and correlation between the
expression of the gene and salt tolerance in Oryza sativa L. Plant
Mol Biol 33:857–865

Jaglo KR, Kleff S, Amundsen KL, Zhang X, Haake V, Zhang JZ,
Deits T, Thomashow MF (2001) Components of the Arabidopsis
C-repeat/dehydration-responsive element binding factor cold-
response pathway are conserved in Brassica napus and other
plant species. Plant Physiol 127:910–917

Jaglo-Ottosen KR, Gilmour SJ, Zarka DG, Schabenberger O,
Thomashow MF (1998) Arabidopsis CBF1 overexpression

Plant Mol Biol Rep (2011) 29:185–196 195



induces COR genes and enhances freezing tolerance. Science
280:104–106

Jarillo JA, Capel J, Leyva A, Martinez-Zapater JM, Salinas J (1994)
Two related low temperature-inducible genes of Arabidopsis
encode proteins showing high homology to 14-3-3 proteins a
family of putative kinase regulators. Plant Mol Biol 25:693–704

Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K, Shinozaki K
(1999) Improving plant drought, salt, and freezing tolerance by
gene transfer of a single stress-inducible transcription factor. Nat
Biotechnol 17:287–291

Kim JC, Lee SH, Cheong YH et al (2001) A novel cold-inducible zinc
finger protein from soybean, SCOF-1, enhances cold tolerance in
transgenic plants. Plant J 25:247–259

Kim SH, Kim JY, Kim SJ et al (2007) Isolation of cold stress-
responsive genes in the reproductive organs, and characterization
of the OsLti6b gene from rice (Oryza sativa L.). Plant Cell Rep
26:1097–1110

Maruyama K, Sakuma Y, Kasuga M et al (2004) Identification of cold
inducible downstream genes of the Arabidopsis DREB1A/CBF3
transcriptional factor using two microarray systems. Plant J
38:982–993

McCormick S, Niedermeyer J, Fry J, Barnason A et al (1986) Leaf
disk transformation of cultivated tomato (Lycopersicon esculen-
tum) using Agrobacterium tumefaciens. Plant Cell Rep 5:81–84

Mittler R, Kim Y, Song L et al (2006) Gain- and loss-of-function
mutations in Zat10 enhance the tolerance of plants to abiotic
stress. FEBS Lett 580:6537–6542

Puhakainen T, HessMW,Mäkelä P, Svensson J, Heino P, Palva ET (2004)
Overexpression of multiple dehydrin genes enhances tolerance to
freezing stress in Arabidopsis. Plant Mol Biol 54:743–753

Reyes D, Morsy B, Gibbons J et al (2003) A snapshot of the low
temperature stress transcriptome of developing rice seedlings
(Oryza sativa L.) via ESTs from subtracted cDNA library. Theor
Appl Genet 107:1071–1082

Rizhsky L, Davletova S,Mittler HR (2004) The zinc-finger protein Zat12
is required for cytosolic ascorbate peroxidase 1 expression during
oxidative stress in Arabidopsis. J Biol Chem 279:11736–11743

Sakai A, Larcher W (1987) Frost survival of plants: responses and
adaptation to freezing stress. Springer, Berlin

Sakamoto H, Maruyama K et al (2004) Arabidopsis Cys2/His2-type
zinc finger proteins function as transcription repressors under
drought, cold, and high-salinity stress conditions. Plant Physiol
136:2734–2746

Sauter M, Rzewuski G, Marwedel T, Lorbiecke R (2002) The novel
ethylene-regulated gene OsUsp1 from rice encodes a member of
a plant protein family related to prokaryotic universal stress
proteins. J Exp Bot 53:2325–2331

Seki M, Narusaka M et al (2001) Monitoring the expression pattern of
1300 Arabidopsis genes under drought and cold stresses by using
a full-length cDNA microarray. Plant Cell 13:61–72

Stockinger EJ, Gilmour SJ, ThomashowMF (1997) Arabidopsis thaliana
CBF1 encodes an AP2 domain-containing transcriptional activator
that binds to the C-repeat/DRE, a cis-acting DNA regulatory
element that stimulates transcription in response to low temperature
and water deficit. Proc Natl Acad Sci USA 94:1035–1040

Sugano S, Kaminaka H, Rybka Z et al (2003) Stress-responsive zinc
finger gene ZPT2-3 plays a role in drought tolerance in petunia.
Plant J 36:830–841

Taji T, Ohsumi C, Iuchi S et al (2002) Important roles of drought- and
cold-inducible genes for galactinol synthase in stress tolerance in
Arabidopsis thaliana. Plant J 29:417–426

Takatsuji H (1999) Zinc-finger proteins: the classical zinc finger
emerges in contemporary plant science. Plant Mol Biol 39:1073–
1078

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0.
Mol Biol Evol 24:1596–1599

Thomashow MF (1998) Role of cold-responsive genes in plant
freezing tolerance. Plant Physiol 118:1–8

Thomashow MF (2001) So what’s new in the field of plant cold
acclimation? Lots! Plant Physiol 125:89–93

Varagona MJ, Schmidt RJ, Raikhel NV (1992) Nuclear localization
signal(s) required for nuclear targeting of the maize regulatory
protein Opaque-2. Plant Cell 4:1213–1227

Vlachonasios KE, Thomashow MF, Triezenberg SJ (2003) Disruption
mutations of ADA2b and GCN5 transcriptional adaptor genes
dramatically affect Arabidopsis growth, development, and gene
expression. Plant Cell 15:626–638

Vogel JT, Zarka DG, Van Buskirk HA et al (2005) Roles of the CBF2
and ZAT12 transcription factors in configuring the low temper-
ature transcriptome of Arabidopsis. Plant J 41:195–211

Xin Z, Browse J (1998) Eskimo1 mutants of Arabidopsis are
constitutively freezing-tolerant. Proc Natl Acad Sci USA
95:7799–7804

Xu Y, Ma QH (2004) Medicago truncatula Mt-ZFP1 encoding a root
enhanced zinc finger protein is regulated by cytokinin, abscisic
acid and jasmonate, but not cold. DNA Seq 15:104–109

Xu DQ, Huang J et al (2008) Overexpression of a TFIIIA-type zinc
finger protein gene ZFP252 enhances drought and salt tolerance
in rice (Oryza sativa L.). FEBS Lett 582:1037–1043

Zhang J, Creelman RA, Zhu JK (2004a) From laboratory to field.
Using information from Arabidopsis to engineer salt, cold, and
drought tolerance in crops. Plant Physiol 135:615–621

Zhang X, Fowler S, Thomashow MF et al (2004b) Freezing-sensitive
tomato has a functional CBF cold response pathway, but a CBF
regulon that differs from that of freezing-tolerant Arabidopsis.
Plant J 39:905–919

Zhu J, Shi H et al (2004) An Arabidopsis homeodomain transcription
factor gene, HOS9, mediates cold tolerance through a CBF-
independent pathway. Proc Natl Acad Sci USA 101:9873–9878

196 Plant Mol Biol Rep (2011) 29:185–196


	Overexpression...
	Abstract
	Introduction
	Materials and Methods
	Plant Materials and Experimental Treatments
	Constructs and Plant Transformation
	Subcellular Localization
	DNA and RNA Hybridization
	Semi-quantitative RT-PCR Analysis
	Phylogenetic Analysis
	Analysis of Abiotic Stress Tolerance in Transgenic Rice Plants
	Whole-plant Freeze Tests for Arabidopsis Transgenic Plants
	Fluorescence Measurement

	Results
	Isolation and Sequence Analysis of SlCZFP1
	The Cellular Localization of SlCZFP1
	Expression of the SlCZFP1 under Various Stress Conditions or Hormone Treatments
	Enhanced Cold Tolerance in Transgenic SlCZFP1 Plants
	Overexpression of SlCZFP1 Induced Expression of COR or Stress-responsive Genes

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


